Unclassified

SECURITY CLASSIFICATION OF THIS PAGE (When Data Fntered)

REPORT DOCUMENTATION PAGE BEROREICOMPLETING FORM
1. REPORT NUMBER 2. GOVY ACCESSION NO.{ 3 RECIPIENT'S CATALOG NUMBER
TN-1749 DN387348
4. TITLE (and Subtitle) 5 TYPE QF REPQORT & PERIOD COVERED
CURRENT-INDUCED VESSEL FORCES AND YAW Final; Feb 1983 — Jul 1985

MOMENTS FROM FULL-SCALE MEASUREMENTS

6 PERFORMING ORG. REPORT NUMBER

7. AUTHOR(Ss) 8. CONTRACT OR GRANT NUMBER(s)
Paul A. Palo
9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT, TASK
AREA & WORK UNIT NUMBERS
NAVAL CIVIL ENGINEERING LABORATORY
Port Hueneme, California 93043 44-063
11, CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

March 1986

13. NUMBER OF PAGES

Naval Facilities Engineering Command
Alexandria, Virginia 22332

T4 MONITORING AGENCY NAME & ADDRESS(1f different {rom Controlling Oflice) 15 SECURITY CL ASS (of this repart)

Unclassified

15a DECLASSIFICATION DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different {rom Report)

18. SUPPLEMENTARY NOTES

13. KEY WORDS (Continue on reverse side if necessary and identily by block number)

Mooring, current, ships, drag forces, maneuvering, berthing

20. ABSTRACT (Continue on reverse side If necessary and identify by block number)}
Full-scale measurements of the current-induced forces and yaw moments on a T-2

tanker and Spruance class destroyer are presented. The T-2 data set is made up of 23 tests,
including water depth-to-draft ratios between 2.5 and 6, incident current angles between 0
and 95 degrees, current speeds up to 4 ft/sec, and horizontal and vertical current shears.
Results are presented from 14 tests of head-on and beam-on loads on a Spruance class

continued

DD ,fai%; 1473  EOITION OF 1 NOV 6515 OBSOLETE Unclassified

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)




Unclassified

SECURITY CLASSIFICATION OF TKIS PAGE(When Duta Entered)

20. Continued

destroyer. The deep water lateral force coefficient is shown to be independent of hull shape
but with a magnitude that varies +50% depending on the vertical current shear. Analysis of
the deep water longitudinal force, the shallow water lateral force, and the yaw moments shows
that these coefficients do not follow “accepted” patterns. These data provide a unique and
reliable data set for validating current load methodologies and for validating similitude
relationships for small-scale mooring and mancuvering studies.

Library Card

Naval Civil Engineering Laboratory

CURRENT-INDUCED VESSEL FORCES AND YAW MOMENTS FROM
FULL-SCALE MEASUREMENTS (Final), by Paul A. Palo

TN-1749 89 pp illus March 1986 Unclassified

1. Current-induced forces 2. Yaw moments I. 44-063

| I
I I
I |
l [
l Full-scale measurements of the current-induced forces and yaw moments on a T-2 tanker '
I and Spruance class destroyer are presented. The T-2 data set is made up of 23 tests, including l
| water depth-to-draft ratios between 2.5 and 6, incident current angles between 0 and 95 degrees, |
I current speeds up to 4 ft/sec, and horizontal and vertical current shears. Results are presented |
from 14 tests of head-on and beam-on loads on a Spruance class destroyer. The deep water lateral
| force coefficient is shown to be independent of hull shape but with a magnitude that varies +50% |
| depending on the vertical current shear. Analysis of the deep water longitudinal force, the shallow |
| water lateral force, and the yaw moments shows that these coefficients do not follow “accepted” |
patterns. These data provide a unique and reliable data set for validating current load method-
I ologies and for validating similitude relationships for small-scale mooring and maneuvering |
| studies. |
| I
I |
|

Unclassified

SECURITY CLASSIFICATION OF THIS PAGE/When Data Entered)




LIBRARY

RESEARCH REPORTS DIVISION

NAVAL P16\ UATE SCHOOL

MONTEREY, UALIFORNIA 93940 7/ —N-1749

March 1986
N ‘ E | By Paul A Palo

. Sponsored By Naval Facilities
Technical Note - Engineering Command

CURRENT-INDUCED

VESSEL FORCES AND
YAW MOMENTS FROM
FULL- SCALE
MEASUREMENTS.

ABSTRACT Full-scale measurements of the current-induced forces and yaw
moments on a T-2 tanker and Spruance class destroyer are presented. The

T-2 data set is made up of 23 tests, including water depth-to-draft ratios
between 2.5 and 6, incident current angles between 0 and 95 degrees, current
speeds up to 4 ft/sec, and horizontal and vertical current shears. Results are
presented from 14 tests of head-on and beam-on loads on a Spruance class
destroyer. The deep water lateral force coefficient is shown to be independent of
of hull shape but with a magnitude that varies 50% depending on the vertical
current shear. Analysis of the deep water longitudinal force, the shallow water
lateral force, and the yaw moments shows that these coefficients do not follow
""accepted’’ patterns. These data provide a unique and reliable data set for
validating current load methodologies and for validating similitude relationships
for small-scale mooring and maneuvering studies.

NAVAL CIVIL ENGINEERING LABORATORY, PORT HUENEME. CALIFORNIA 93043

Approved for public release; distribution unlimited.

/]



METRIC CONVERSION FACTORS

= ™
w0 _: == o~
Approximate Conversions to Metric Measures — = Approximate Conversions from Metric Measures
: : = = 3
Symbol When You Know Muhtiply by To Find Symbol =——— = ~  Symbol When You Know Muttiply by To Find Symbol
— = ]
LENGTH —_— B LENGTH
in inches °25 centimeters cm -—_—: = 2 mm millimeters 0.04 inches in
ft feet 30 centimeters cm —= = cm centimeters 04 inches in
vd yards 0.9 meters m ~ — ;§— 2 m meters 33 feet ft
mi miles 1.6 kilometers km T=l = m meters 1.1 yards yd
— = . f .
AREA = 5 km kilometers 0.6 miles mi
= © AREA
inZ square inches 6.5 square centimeters cm? = E— - 2 —_— 2
ft2 square feet 0.09 square meters m2 o —_ = cm square centimeters 0.16 square inches in 2
yd2 square yards 0.8 square meters m2 = = m 2 square meters 1.2 square yards yd2
mi square miles 26 square kilometers km?2 —_— = km square kilometers 04 square miles mi
acres 0.4 hectares ha J— = ha hectares (10,000 m<) 25 acres
MASS (weight) e ” MASS (weight)
oz ounces 28 grams 9 "—'_: = pee g grams 0.035 ounces oz
b pounds 0.45 kilograms kg —= g 5 'k kilograms 22 pounds b
short tons 0.9 tonnes t — - t tonnes (1,000 kg) 1.1 short tons
{2,000 Ib) = = i VOLUME
—_ = = =
VOLUME B- = m milliliters 0.03 fluid ounces fl oz
tsp teaspoons 5 milliliters ml = = 1 liters 2.1 pints pt
Tbsp tablespoons 15 milliliters mi = ! liters 1.06 quarts qt
floz fluid ounces 30 millititers ml = = | 3 liters 0.26 gallons 0
c cups 0.24 liters ! @ g—— m cubic meters 35 cubic feet ft
pt pints 0.47 fiters i — F =< m cubic meters 1.3 cubic yards yd3
qt quarts 0.95 I_iters | ——:: = TEMPERATURE {exact)
-] gallons 38 liters | — = o 2
ft cubic feet 0.03 cubic meters m3 = = (o Celsius 9/5 (then Fahrenheit °F
yd3 cubic yards 0.76 cubic meters m3 ) = = © temperature add 32) temperature
TEMPERATURE {exact) —= 2 <
°F Fahrenheit 5/9 (after  Celsius ge = E—
temperature subtracting temperature = (2]
= =2 o~
*1in = 2,54 (exactly}. For other exact conversions and mare detailed tables, see NBS Si =1
Misc. Publ. 286, Units of Weights and Measures, Price $2.25, SD Catalog No. C13.10:286. Q— = £ -
2 = S




CONTENTS

INTRODUCTION

Project Objective
Background .

TEST DESCRIPTION

Test Objective
Test Vessels
Test Site

Test Procedure

INSTRUMENTATION .

Description of Subsystems d
Description of Wind and Current Measurements

DATA COLLECTION AND PREPARATION .

T-2 Test Schedule

DD-964 Test Schedule

Data Reduction .

Data Interpretation .
Presentation of Exper1menta1 Data

DATA ANALYSIS

Resolution of Current-Induced Loads o .
Presentation of Wind- and Current-Induced Loads
Calculation of Coefficients .
Analysis of Deep Water Lateral Force Coefflclents
Analysis of Shallow Water Lateral Force Coefficients
Analysis of Yaw Moment Coefficients .
Analysis of the Longitudinal Force Coeff1c1ents

VALIDATION OF CURRENT LOAD METHODOLOGIES

Lateral Force Validation

Yaw Moment Validation o
Longitudinal Force Valldatlon
Summary of Validations

CONCLUSIONS

Lateral Loads
Yaw Moments

Longitudinal Forces
Wind

Page

ur W WNNN

~Noooo o,

~

12

13
13
13
14

14

14
15
16
16



RECOMMENDATIONS .
ACKNOWLEDGMENTS . . . . . . . . . . . . . ..
REFERENCES
LIST OF SYMBOLS . . . . . . . . . . . . . . . ..
APPENDIXES
A - Sample Data Set . . . . . .
B - Wind and Current Excitations
C - Identification of Flow Phenomena .
D - Theoretical Analysis of the Measurements
E - Longitudinal Force Calculations

vi

Page
17
17

18



INTRODUCTION

Project Objective

The objective of the experiments described here was to collect
reliable information on the forces and yaw moment induced on moored
ships by an incident current and to use that information to evaluate
existing or develop new calculation techniques.

A full-scale test was selected because of the uncertainties inherent
in small-scale model testing. The measurements, which are presented in
terms of nondimensional coefficients, are used to evaluate existing
current loads methodologies.

Background

The Naval Facilities Engineering Command (NAVFAC) is responsible
for designing and maintaining fleet and fixed moorings. In support of
this, NAVFAC sponsors research and development at the Naval Civil Engineer-
ing Laboratory (NCEL), including projects related to anchor technology
and computer-based simulation techniques.

In 1979 NCEL found that existing methodologies for estimating the
wind- and current-induced steady loads on moored ships were subject to
large uncertainties (Ref 1). Investigations into wind- and current-
induced vessel loads were initiated. The investigation of wind loads
provided a new design methodology based on analysis of wind tunnel data
(Ref 2). The investigation into current loads revealed that the available
information was unusable for design purposes and that full-scale tests
were the only reliable method to resolve the problem (Ref 3). NCEL
conducted a full-scale test in 1982 (Ref 4) that resulted in limited
measurements of the current-induced loads on a World War II destroyer.
Research was also initiated to develop and validate a simulation model
for current loads; Reference 5 describes a free-streamline mathematical
model to be used as the basis for this new capability.

At about the same time NAVFAC started revising its Design Manual
for Harbor Facilities (DM-26) (Ref 6). NCEL proposed a full-scale
experiment to measure current loads in support of the NAVFAC design
manual revision. This proposal was accepted and funded by the NAVFAC
Engineering Investigation Board, and the test program was conducted in
the summer of 1983.

The test was conducted using a T-2 tanker (ex-MISSION SANTA YNEZ)
from the Maritime Administration (MARAD) Reserve Fleet in Suison Bay,
Calif., and the U.S.S. PAUL F. FOSTER (DD-964), a Spruance class destroyer.
These vessels were selected because they represented streamlined and
nonstreamlined hull forms with comparable hull sizes. The T-2 tanker
was filled with seawater and moored by the bow and stern in a river;
measurements of the mooring forces were taken for 5 days while the tidal
current changed and the seawater was pumped out. (A full test description



is provided later in the report.) The Spruance class destroyer was
tested primarily in a single-point mooring for 1 day, 1 month later, at
the same site.

This report presents the measurements of the current and wind loads
on both vessels. These data are used along with the destroyer data in
Reference 4 to evaluate existing current loads methodologies, particularly,
NAVFAC'S DM-26 and its successor, DM-26.5 (Ref 8).

TEST DESCRIPTION

Test Objective

The test objective was to collect full-scale data to validate
NAVFAC'S current loads methodology. The primary test parameters were
current speed, gradient, and direction; hull shape; and the water depth-
to-draft ratio.

Test Vessels

Selection of the test vessels was a major concern, given that they
would have to represent the large variety of hull types used by the
Navy. A cargo-type vessel and a surface combatant were selected as
representative of the two "extremes" in conventional hull design. 1In
addition, the vessels should be approximately the same size to avoid
extrapolation errors when comparing the loads on both hulls. The
combatant must have a large sonar bow dome to be typical of modern
hulls. Data collected for these vessels would serve two purposes:

(1) provide direct measurements on the two most common (by number) Navy
hull forms, and (2) provide load estimates on other vessels by interpo-
lation between these two different hull shapes.

A T-2 tanker (ex-MISSION SANTA YNEZ) was approved for use in this
test on loan from the Maritime Administration Reserve Fleet in Suison Bay,
Calif. Information on the T-2 is provided in Table 1 and Figure 1.
Selection of the tanker was also important because the draft could be
varied during the test by filling the tanks with seawater and pumping it
out. This provided two significant improvements to the test program:
(1) it allowed for a more comprehensive parametric study versus hull
parameters, and (2) it precluded the need for two test sites to get two
different water depth-to-draft ratios. Instead, shallow water and deep
water effects could be measured at the same site, provided the water
depth was carefully specified.

The surface combatant assigned to these tests was the U.S.S. PAUL F.
FOSTER (DD-964), a Spruance class destroyer. Information on this vessel
is provided in Table 1 and Figure 2. This vessel satisfied the require-
ment of having about the same dimensions as the T-2.

Test Site

The test site was in northern San Francisco Bay, Calif., in the
Carquinez Straits. This site provided a fairly uniform water depth that
resulted in water depth-to-draft ratios of between 2.5 and 6, with the
latter value assumed to be equivalent to deep water conditions. This



site also provided dependable, large, current speeds, and access to both
the MARAD Reserve Fleet and the Naval Supply Center (NSC) Oakland, where
all staging was conducted. There were no waves at this site, so the
incident current flow field was steady.

Test Procedure

The requirement was to hold the test vessel at a fixed orientation
in the current, allow the system to come to equilibrium, record data for
10 minutes, reconfigure the system to provide a different vessel orientation,
and repeat the test. The test configuration adopted to accomplish this
is shown in Figure 3.

Two moorings were preinstalled as shown in Figure 3. Each test
vessel was moored by the bow to the mid-channel buoy throughout the
test. For tests requiring a finite incident current angle, a stern
hawser was attached to the test vessel from a winch that was mounted on
a Navy YC barge moored to the channel-edge buoy. Figure 4 shows a
typical configuration during the test (compare to Figure 3).

During the T-2 tests a second YC barge was moored alongside the
vessel. vessel. This barge supported a fuel truck and three 3,000-gpm
NAVFAC "FIREFLY" water pumps that pumped the seawater out of the tanker
while on site; the T-2 was preloaded and arrived at the site at maximum
displacement.

INSTRUMENTATION

Data were collected in five separate subsystems during the test, as
shown in Figure 5. The primary data collection system was a data collection
computer onboard the test vessel (subsystem #1 in Figure 5). The other
subsystems included the laser transit subsystem, the YC winch barge
subsystem, the Oregon State University (OSU) current sensor subsystem A,
and the OSU current sensor subsystem B. These five subsystems are
described in the following.

Description of Subsystems

Test Vessel Subsystem. Data were sampled at 0.5-second intervals
and stored on floppy disks using a DEC MINC (PDP)-11/03 computer. The
following parameters were measured using this subsystem:

Test Parameter Sensor Location

Bow/stern hawser tension Strainsert Model STL-80 On deck
tension link

Bow/stern hawser Humphrey pendulum 15 ft outboard of
vertical angle potentiometer hull on hawser
Bow/stern hawser
horizontal angle



Test Parameter Sensor Location
Vessel heading Endeco Type 869 solid Test van

state compass
VDO Model Adis 360

compass
Wind speed Bendix Friez 135 18 ft above mid-ship
Relative wind direction superstructure
off bow

Laser Transit Subsystem. A laser transit was used to measure the
vessel heading with respect to shore landmarks, the hawser orientations
relative to the vessel keel, and the distance between the transit and a
reflector mounted on the YC winch barge. All readings were taken manually.
The following test parameters were measured:

Test Parameter Measurements

Analysis

Vessel heading Up to six angles using

various landmarks

Triangulation provided
vessel heading
and position

Bow hawser relative
angle

Used with known
hawser length and
transit location on
vessel to resolve
oblique triangle

Angle to the bow
mooring buoy

Stern hawser relative
angle

Angle to the YC winch
barge and distance
from transit to the
winch barge

Used with transit
location on ship to
resolve oblique
triangle

YC Winch Barge Subsystem. A Kaye Model DR3-3C Digistrip III data
logger was used to record "undisturbed'" environmental parameters. The
data logger collected analog signals, averaged these signals to get
10-second values, stored those digital averages, and then digitally
averaged them over 5 minutes. The following parameters were measured
using this subsystem:

Test Parameter Sensor Location

Three sensors mounted
21, 31, and 38 ft
above the water

Vertical wind
gradient

Coastal Navigator
Model WSD200
anemometer

VDO Model Adis 360
compass

Mounted 15 ft above
the barge deck

Barge heading



Test Parameter Sensor Location

Current speed and Marsh-McBirney Model 555 Suspended 13 {t
magnetic direction below the barge
draft
Current speed and Marsh-McBirney Model 551 Rigidly mounted 9 ft
relative direction below the barge draft

OSU Subsystem A. This subsystem, suspended from the YC barge and
operated by Oregon State University personnel, continuously measured
north and east components of current and internally recorded either
1-second (burst mode) or l-minute analog-averaged (vector-averaging)

values. The following parameters were measured:
Test Parameter Sensor Location
Current speed and Neil Brown vector- Suspended 13 ft
magnetic direction averaging acoustic below the barge

current meter

Current field characteristics Neil Brown burst Suspended 6 ft
(512 seconds at 1 sample mode acoustic below the barge
per second, every 2 hr) current meter

OSU Subsystem B. This current meter string was moved to various
locations throughout the tests to supplement the subsystem B data.
One-minute (analog-averaged) readings of current were internally recorded.
The following parameters were measured:

Test Parameter Sensor Location
Current speed and Neil Brown vector- Varied; typically at

direction at 10- averaging acoustic mid-channel at the

and 30-ft depths current meters upstream crown buoy

Description of Wind and Current Measurements

The wind field was measured at the test vessel and at the YC barge,
where a vertical string measured the profile up to 38 feet. Additional
wind data were provided from an active system on the DD-964. The YC
barge is shown in Figure 6.

The current field was considered vitally important, and six current
meters were used. Two NCEL and two OSU current meters (vector-averaging)
were independently used at the YC barge at various depths. Two more OSU
meters were rigged below a surface buoy at 10- and 30-foot depths. This
string was positioned to record the current characteristics at mid-stream
by attaching to the mid-stream crown buoys (over the anchors). In this
way the current was measured off the bow and stern and at different
depths, thus measuring the total flow field around the test vessel.

Only limited current measurements were taken at the test vessel.

5



DATA COLLECTION AND PREPARATION

T-2 Test Schedule

The T-2 tests were conducted on 25-29 August 1983. Six head-on
tests at two different drafts were completed. Four tests were conducted
at the full 31-foot draft with oblique incident current angles. Twenty-
eight tests were conducted at oblique angles at intermediate drafts.
Figures 7 and 8 show the T-2 at full and light drafts.

DD-964 Test Schedule

The Spruance class destroyer was tested for 20 hours on
22-23 September 1983. Five tests were conducted for near beam-on currents;
another 15 tests were conducted with head-on currents. Figure 9 shows
the Spruance class destroyer while on-site.

Data Reduction

Data reduction consisted of two parts. First, the digital data
were converted to engineering units using the appropriate calibration
factors. Second, redundant and correlated measurements were compared
for accuracy and repeatability. For example, the difference between the
measured ship magnetic heading and a measured hawser magnetic heading
must be equal (i.e., correlated) to a direct measurement of the relative
hawser angle with respect to the keel. All the vessel, hawser, and
environmental angles were confirmed in this manner. (The ship magnetic
heading and relative wind angle on the test vessels were similarly
compared to the undisturbed wind magnetic angle measured at the barge.)
Wind and current velocities were also compared to determine the accuracy
of sensors and the spatial characteristics of each excitation.

A sample set of data is included in Appendix A to illustrate the
data quality. The wind and current excitations for all the tests are
discussed in Appendix B.

Data Interpretation

After data reduction each test was inspected to insure that the
data were complete and the system was in equilibrium; otherwise they
were discarded. Some tests were stable only over particular segments
(typically beginning or end), and only those portions were retained.
Finally, some tests showed two stable responses (typically caused by a
discontinuity in current speed) and were split into "A" and "B" subtests.
Certain events were correlated, such as a sharp rise in current speed
and a corresponding sharp rise in the hawser tensions. By such corre-
lations it was determined that the Straits exhibited large spatial
differences when the current speed was low, and most of these low speed
tests were not used.

A significant event occurred halfway through the T-2 test that was
found later to make many of the tests unusable. One of the smaller
mid-channel crown buoys (used for securing the OSU current meter string)
sank overnight, presumably after being run over. Without that buoy, the
current meter string could not be properly positioned at mid-channel



during the ebb cycle (the flood cycle position was unchanged). It was
discovered during post-test analysis of the current measurements that
the ebb flow was not uniform across the Straits because of the large
upstream bend in the Sacramento River. Because of this, the current ~
measurements taken at the channel-edge barge do not accurately represent
the current characteristics at the mid-channel during ebb flows. As a
result, many ebb flow tests were either discarded (one dozen) or are
presented with appropriate error bounds on the coefficients.

Conversely, the flood tide was found to be horizontally uniform.
This fact was exploited for the DD-964 tests, since the night testing
precluded the small boat operations required to periodically move the
current meter string to the mid-channel; thus, all current measurements
were taken at the YC barge. The Oregon State University current
measurements and analysis are contained in Reference 7.

Presentation of Experimental Data

The final data from the valid T-2 tests are presented in Table 2.
The DD-964 data are presented in Table 3. Angles are defined in Figure 10.

DATA ANALYSIS

Resolution of Current-Induced Loads

The wind and current loads on the vessels are defined in terms of a
longitudinal force (parallel to the keel), a lateral force (perpendicular
to the keel), and a yaw moment. These are illustrated in Figure 10. By
decomposing the hawser forces into equivalent longitudinal and lateral
forces, a free-body diagram of the test vessel can be constructed as
shown in Figure 11. From this,

2F = 0; X +X +X = 0 (1a)
pe c W m

ZFY = 0; Yc + (Yw + YAw) + Ym = 0 (1b)

IN = 0; N -|v (-Ii>+ Y <£>+ Y 2 +Y L| = o (1¢)
Bow 2 w Aw\ 3 w\2 c ¢ s - ¢

where the variables and subscripts are defined in the LIST OF SYMBOLS.
The YA term approximates for the added wind force from nonlevel drafts
present in many of the T-2 tests. It is assumed to be proportional to
the area of a triangle (ship length times the draft difference over 2)
that represents the "additional' area over the level draft-projected
area of the vessel.

The current-induced components in Equations la-c are determined
using the measured mooring loads and ESTIMATED wind loads from Reference 2.
The current-induced yaw moment is then calculated using:

Nc - <'Qc __.I’Zl_> ) Yc (2)



Note that X , Y , and N from Equations 1 and 2 are actual experi-
mental loads, ingludlng the &ffects of horizontal current shear, vertical
current shear, and vessel trim.

Some adjustments were made to the estimated T-2 wind loads recommended
in Reference 2. The use of lateral wind loads directly from Reference 2
made the current loads oppose the incident current for some tests with
very small currents. Accordingly, the lateral wind load was reduced by
25% to make those tests '"physically realizable." This reduction was
used for all the T-2 lateral wind forces only. All the other component
T-2 wind loads and the DD-964 loads were used directly from Reference 2.
These adjustments had only a small impact on the current loads in most
cases.

This reduction of the scale model lateral wind forces can be ratio-
nalized in the following manner. The scale used in wind tunnel tests is
determined from the facility wind speed capability, with the criteria
that the model-sgcale flow be post-critical (typical Reynolds Number
approximately 107). Because the characteristic dimension used for the
model-scale Reynolds Number is typically the hull length, freeboard,
etc., many of the smaller vessel features (smokestack, masts, etc.) may
have laminar flow and drag that are not representative of the same
full-scale features. Therefore, these model-scale forces can be too
high, requiring an adjustment before scaling to full-scale values. This
adjustment would be a function of the vessel characteristics (amount and
distribution of features) and the associated details in the model, and
would be applicable to all the wind forces and moments. A second argument
is presented later that further strengthens this need for a reduction of
wind tunnel data.

If these arguments are true, then the design methodologies in
Reference 2 are conservative, and a general adjustment of between 0.8
and 1.0 would be recommended for all vessels depending on the amount of
rails, pipes, masts, etc.

Presentation of Wind- and Current-Induced Loads

Table 4 lists the final resolution of forces and moments for the
T-2 tests. Table 5 lists similar information for the DD-964 tests.

Calculation of Coefficients

The lateral and yaw moment coefficients calculated at each incident
angle are defined as:

Y (6)
c(e) = —< (3)
y ¢ —l—pL'T'V2
2 c
N (8)
c ¢
Cn(6.) ST (4)
2 C

These coefficients are used when the angle dependency is under inspection.



For most of the analyses, however, it is necessary to compare
equivalent coefficient amplitudes. For the lateral force coefficient
comparisons an empirically fit angle function was used to extrapolate
coefficients from Equation 3 to maximum coefficients. The yvaw moment
coefficients were not analyzed in this manner.

An "equivalent" longitudinal force coefficient (K) is used to
represent the summation of loads that contribute to the total force.
This K value is calculated as:

(5)

<,><
O N(o

No angle corrections are required since the relevant tests were all for
head-on currents.

The lateral force coefficients are also plotted versus Reynolds
Number (RN), defined as:

V-2

Ry = m (6)

For these applications, the following values were used:

V =V _ (not adjusted to V_ - sin 6 since the equivalent
c . . C._ .
beam-on coefficient is used)
£ = 2-T (assuming the vessel to be analogous to
a dopble-body cylinder)
v = 1.4 x 10 ~ ft?-sec

The normalized vertical current shear (NVS) is also presented for
all the tests and is defined as:

V(30') - v(10")

sl S V(10') (7

where V(xx) is the measured current speed at depth xx and V(10') is
analogous to an "average" velocity over the hull. NVS is known to be
more exponential with depth rather than linear as shown in Equation 7.
Therefore, NVS as used throughout this report is approximate only.

The water depth-to-draft ratio is also used as a parameter in the

coefficient analysis. '"Deep water" is assumed for all the tests except
the 25xx series.

Analysis of Deep Water Lateral Force Coefficients (Cy)

The lateral force coefficients for the T-2 are listed in Table 6.

The angle dependence of the deep water lateral force coefficients
for the T-2 is shown in Figure 12. Note the use of different symbols to
represent the amount of vertical current shear and the presentation of
current speeds within the symbols. This information is essential for
interpreting the figure.



Several conclusions can be drawn from Figure 12:

(1) There is a clear dependence of C on the amount of shear,
based on inspection of the data ¥etween 75 and 95 degrees.

(2) The uniform flow coefficients (circles) appear to be relatively
constant for high current speeds, based on the data between
65 and 80 degrees.

(3) The uniform flow coefficients (circles) are not constant for
the lower current speeds, based on the data at 40 and 45 degrees.

(4) The coefficient is still increasing at 95 degrees, based on
the large positive shear data (squares) for a 3.5-ft/sec
current speed at 90 and 95 degrees.

(5) There is no apparent pattern for the negative current shear
data.

An empirical angle function was fitted to the high-speed, uniform-
flow coefficients shown in Figure 12. Conclusion (4) above was used
along with similar trends evident in Reference 4 to establish that the
maximum lateral force coefficient is near 110 degrees. From this, the
following angle function for Cy was determined:

Cy(BC) LS sinl'5 ) (8)

where ¢ = (6 _ - 90/110) for 6 < 110 degrees, and ¢ = [90/70 - (© -110)]
for 6 > llocdegrees. This flinction was used in Figure 12. ¢

his angle function was then used to extrapolate all the coefficients
to their equivalent maximum coefficients at 110 degrees, C . This
extrapolation was required to resolve the dependence on thd’*Veftical
shear and the current speed.

Figure 13 shows the T-2 extrapolated coefficients versus current
speed and vertical shear. This figure shows that high current speed
coefficients are a function of the vertical shear. The contours super-
imposed on Figure 13 are representative of different levels of shear.
From this figure, it was concluded that the magnitude of the lateral
force coefficient is sensitive to the incident current shear. The
variation in the magnitude was *50% for the shears in this test. A
simple function representing this dependence is:

o = 1.0 + 1.2 - NVS (9)
b

This dependence is considered to be a consequence of the difference
in streamlines (and resulting pressures) around the hull.

The coefficients in Figure 12 were also plotted versus Reynolds
Number, along with coefficients from Reference 4. The data are shown in
Figure 14. The uniform flow coefficients show classic Reynolds Number
behavior. The increase in magnitude with the vertical shear is also
apparent.
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The DD-964 lateral force coefficients are listed in Table 7 and
plotted in Figure 15 versus Reynolds Number. Note that the T-2 and the
DD-964 lateral force coefficients are equivalent at the same (high

positive) shears. It is concluded that the lateral force is independent
of hull shape.

Analysis of Shallow Water Lateral Force Coefficients (Cy)

The shallow water lateral force coefficients are listed in Tables 8
and 9, plotted in Figure 16 versus Reynolds Number, and plotted in
Figure 17 with the deep draft coefficient§. The coefficients are not
constant, even at a Reynolds Number of 10°. This may be related to
Froude effects due to the elevation and depression of the surface up-
stream and in the wake, respectively. The coefficient behavior evident
in Figure 17 compared to the deep water coefficients makes it difficult
to understand and subsequently extrapolate these results to other vessels
and water depths. In addition, the velocity dependence of these shallow
coefficients means that use of a single-value correction factor as a
function of the water depth-to-draft ratio only is not appropriate for
estimating the shallow water lateral force. Effects due to the vertical
shear are not definable at this time.

Appendix C presents a discussion of suspected vortex shedding that
appears in the hawser force measurements for these tests.

Analysis of Yaw Moment Coefficients (CN)

The calculated yaw moment coefficients and the test parameters that
affect them are listed in Table 10. The yaw coefficients for all vessels
and water depths are shown in Figure 18, with important parameters
included to aid interpretation.

There are no readily discernible patterns apparent for either the
T-2 or the DD-964. This lack of organization is considered more a
consequence of the number of parameters rather than large experimental
uncertainties; the expected sensitivity of the coefficient to changes in
the vessel trim and current shears is illustrated in Figure 19.

Figure 13 shows that the lateral force coefficients do not stabilize
for the T-2 until the velocity reaches 3 ft/sec. Since the yaw moment
is a function of the sectional lateral forces on the hull, the yaw
moment coefficients should show similar behavior. Figure 20 is a plot
of the T-2 deep water coefficients with current speeds greater that
3 ft/sec. An attempt was made to standardize the experimental deep
water T-2 yaw moment coefficients (in Figure 20) by theoretically removing
the effects of vessel trim and the current shear. This investigation is
discussed in Appendix D.

Conclusions based on inspection of Figure 20 in terms of the trends
shown in Figure 19 are that: (1) the minimum yaw moment coefficient is
near 0.1, and (2) the zero crossing is beyond 80 degrees, probably
between 90 and 100. Specific conclusions are not possible for the
maximum positive coefficient based on these data.

With these conclusions, a reinspection of Figure 18 shows that:

(1) the DD~826, DD-964, and T-2 have dissimilar coefficients, showing
that the yaw moment is a function of hull shape; (2) the nonsteady T-2
shallow water coefficients are due to the low (less than 3 ft/sec)
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current speed. (Note in Figure 16 that the lateral force coefficients
are likewise not constant at these velocities, even though the high
Reynolds Number suggests that both of these shallow water coefficients
should be constant.) and (3) the shallow water yaw moment coefficient
was not constant even for a fixed incident current angle.

Analysis of the Longitudinal Force Coefficients (Cx)

The T-2 data are considered reliable because the wind force was
small compared to the current load and because the current meters were
positioned directly upstream of the ship.

The T-2 longitudinal coefficients are listed in Table 11 and plotted
in Figure 21. As discussed in the Calculation of Coefficients section,
an effective scaling factor (K) is presented that represents the summation
of all the current load components. Calculation of these coefficients
requires a correction for the longitudinal drag of the YC pump barge as
shown in the table. Also, the coefficient is calculated using the
interpolated current speed near the bottom of the ship (rather than
mid-draft) because that is where most of the hull surface area is concen-
trated. Note that the coefficient is not constant as predicted using
standard resistance theory but increases with increasing velocity.

The DD-964 longitudinal force coefficients are listed in Table 12
and also shown in Figure 21. The scatter in coefficients is higher than
the T-2 coefficients because the closest current meters were at the
channel-edge YC barge rather than directly ahead of the bow. The flood
tide coefficients are more accurate than the ebb tide coefficients
because the flood tide showed very low horizontal shear compared to the
ebb tide.

Two trends can be seen in the data. First, the coefficient decreases
with current speed; this is opposite to the T-2 trend. Second, the
coefficient does become relatively constant after 2.5 ft/sec if the more
accurate flood velocity coefficients only are used; this is in keeping
with standard resistance behavior.

It is therefore concluded that the hull form is important (based on
the opposing coefficient slope behavior versus current speed), and that
the longitudinal drag for "typical" ocean currents (up to 1-1/2 knots)
is not adequately predicted using the constant asymptotic coefficient
values.

Note the variation in the longitudinal force for the shallow water
tests (as shown in Table 4), which shows the same type of sign reversal
as the yaw moments. This information on the longitudinal component of
the load may be useful in understanding the lateral load phenomena.

VALIDATION OF CURRENT LOADS METHODOLOGIES

The emphasis in the preceding sections has been on identifying the
magnitudes, trends, and uncertainties evident in the experimental coeffi-
cients. The data collected in this test provide useful information for
analyses related to moorings, maneuvering, small-scale modeling, steady
drag, hydrodynamics, and resistance/powering.

The immediate application of these data is in validating existing
current loads methodologies, specifically the Navy's Design Manuals for
Harbor and Coastal Facilities (DM-26) and its replacement for Fleet
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Moorings (DM-26.5). The uncertainties associated with the use of state-
of-the-art methodologies are summarized in References 1 and 3. The
impact of these new measurements, which are the first known set of
full-scale current load measurements, is summarized below for the longi-
tudinal force, lateral force, and yaw moment.

Lateral Force Validation

As was shown in Figure 15, the deep water lateral force coefficient
varies depending on the shear, but it is relatively independent of hull
shape (assuming bilge keels) for a given shear. Figure 22 shows recom-
mended design coefficients (from Reference 3), presumably for uniform
flow since most of the data were collected in model test facilities.

The empirical value of 1.0 for uniform flow from these full-scale tests
is superimposed. This figure shows the error associated with the use of
the model data contained in DM-26.

The latest revision to DM-26 (specifically, DM-26.5, Ref 8) presents
an alternative design methodology for lateral current loads. A comparison
of calculated to measured forces using this new methodology is shown in
Figure 23 for the T-2. For the uniform flow forces this new methodology
adequately matches the measured forces for current speeds over 3 ft/sec.
It could easily be extended to accommodate the higher coefficients due
to an incident vertical shear. Therefore, the deep water lateral force
guidelines in DM-26.5 are considered adequate for design use.

These data cannot be used to validate shallow water lateral force
guidelines because the T-2 shallow water coefficients are not constant
at this fixed water depth-to-draft ratio (see Table 9 and Figures 16
and 17). The data do show, however, that the usual assumption that the
shallow water correction factor applicable to both the lateral force and
yaw moment is a function of only the water depth-to-draft ratio is
incorrect. (Recall that this factor equals the shallow water coefficient
divided by the equivalent deep water coefficient.) The measurements
show that the shallow water lateral force is more complex than expected,
but they are not extensive enough to allow for validation of existing
techniques or development of alternatives.

Yaw Moment Validation

The discrepancies among state-of-the-art yaw moment methodologies
are illustrated in Figure 24 (adapted from Reference 3). Use of the
approximate minimum coefficient of -0.1 for the EC-2 indicates that all
existing methodologies may be slightly high. The data available from
this test do not allow for a reliable validation but do demonstrate the
large number of parameters that significantly affect the yaw moment. A

general-purpose yaw moment guideline that incorporates these parameters
is unavailable.

Longitudinal Force Validation

The components used to estimate the longitudinal drag on the T-2
and DD-964 are described in Appendix E. The resulting high current
speed K values are 530 for the T-2 and 630 for the DD-964, which are
reasonably close to the experimental values shown in Figure 21. The
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design methodology in DM-26.5 yields slightly lower values as shown in
Appendix E because it disregards the hull form drag term. This discrep-
ancy will increase as the current speed decreases.

Summary of Validations

(1) These full-scale measurements validate deep water lateral and
longitudinal force methodologies, provided the current speed is high
enough and the vessels are similar in size and shape to the T-2, DD-964,
or DD-826. Use of DM-26.5 guidelines is considered acceptable for these
forces.

(2) The results have also shown that conventional shallow water
correction factors do not adequately represent the shallow water lateral
force behavior. However, results from this test cannot be used to
establish alternate guidelines.

(3) Because of their nonsteady and complex nature the deep and
shallow water yaw moments cannot be expressed in terms of the test
parameters. Generally speaking, use of maximum coefficient amplitudes
of 0.1 and a zero crossing at 90 degrees is reasonable for ships in deep
water, with level trim, and for uniform current fields.

(4) The data have shown that the use of simplified methodologies
for all of these coefficients is only valid at high current speeds
(greater then 2 knots). This implies that selection of a coefficient
for mooring design will often pose problems since many "operational™
currents are between 1 and 2 knots. Choice of a coefficient in these
cases must be inferred by inspection of the appropriate figures in this
report.

(5) The loads measured in this test correspond to a steady incident
current with no wave orbital velocities. In the open ocean in the
presence of large, short-crested waves, the instantaneous velocity over
the hull will be time-varying and may even include local reversals if
the orbital velocities are higher than the steady current speed. The
flow characteristics under these circumstances will likely result in
forces different from the steady forces measured here.

CONCLUSIONS

Lateral Loads

The lateral current force (Yc) and coefficient (C_ ), discussed
previously, are defined as: y

1 2
YC(GC) 5P LT cy(ec) VC (10)

1}

cy(ec) f[ec] (11)

y,max

14



Conclusions for DEEP WATER lateral force are:
1. Cy is insensitive to the hull shape.

2. Cy max OCCurs near an incident current direction of 110 degrees.
’

w

cy(ec) is proportional to sin1

4. C % is 1.0 for uniform flow, but varies between 1.5 for
pXéT%lve shear (current increases with depth), and 0.5 for
negative shear.

5. C is constant for Reynolds Numbers above 106.
y,max

Conclusions for shallow water lateral force are:

1. This coefficiens varied almost linearly with velocity for
Reynolds Numbers near 10° (where the deep water C_ is constant). This
behavior is not understood at the present time. ¥he limited data does
not allow for the formulation of general correction factors for extra-
polation to other vessels or water depths.

2. A single-value "shallow water correction factor'" (ratio of
shallow water to deep water forces) is therefore undefined based on
item 1.

Yaw Moments

The current-induced yaw moment (Nc) and coefficient (C.) were
discussed previously and are defined similarly to the lateral loads:

1 2 2

Nc(ec) = -E-p s L7 T - CN(GC) o VC (12)
3 0<8 <8
N,min c zero
CN(GC) = f[BC] for (13)
0 <8 < 180
N,max zero C

1. The deep water yaw coefficients exhibit a scatter for each
vessel, and the coefficient groups for each vessel are also dissimilar.
No trends are apparent versus incident angle, velocity, or vertical
shear. This scatter is attributed to the multitude of test parameters
that significantly alter the yaw moment as was shown in Figure 19.

2. The magnitude of the shallow water yaw coefficients from the
T-2 test show a clear trend versus current speed at a fixed incident
angle and fixed water depth-to-draft ratio (shown in Figure 18), which
includes a SIGN REVERSAL. Existing methodologies propose a constant
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correction factor (which is solely a function of the water depth-to-draft
ratio) for these conditions. Therefore, it is concluded that existing
techniques are invalid. The limited data from this test are not extensive
enough to be used to develop an alternative methodology.

Longitudinal Forces

The current-induced longitudinal force (X ) is made up of friction
drag on the bare hull; added friction drag due to fouling; and form drag
on the hull, propellers, and other appendages. While all these component
loads have different coefficients and use different projected or surface
areas, they are all proportional to the current velocity squared. Since
the hull friction coefficient changes only by 5% over the range of test
current velocities and all the other coefficients are presumed constant,
the longitudinal force can be simplified for head-on flow as:

X = K-V (14)

where K = Z[(1/2)p CD A] over all the component loads.
Conclusions regarding the T-2 longitudinal force are:

1. K is NOT constant; it increases steadily from 550 to 800 for
current speeds between 2.75 and 3.75 ft/sec (Reynolds Number about 10
based on length). This increase is contrary to the usual small decrease
in CX versus increased velocity; see item 2 below.

8

2. The T-2 experimental values are slightly higher than the calcu-
lated K value of 530 using established methodologies (including a hull
form drag coefficient of 0.06).

Conclusions regarding the DD-964 longitudinal force are:

1. K varies over a wider range from 2,500 to 540 for current
speeds between 0.9 and 4.9 ft/sec compared to the T-2 data.

2. More importantly, the decreasing trend of K versus current
velocity is opposite the T-2 data. While this trend is closer to "accepted"
behavior and appears almost constant for the higher velocities, the
amount of change at the lower velocities is much larger than expected.

3. The effective K value calculated using standard techniques is
630 (using a hull form drag of 0.03).

Further information on the theoretically-determined force is included
in Appendix E.

Wind

This test has provided useful information for validating the wind
load methodologies presented in Reference 2 and 8 which were based
entirely on wind tunnel test data. In the data analysis it was found
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that the calculated lateral wind force was too large, and a 25% reduction
was subsequently used for the T-2 tanker tests. The rationale for this
reduction was presented in the Resolution of Current-Induced Loads
section.

An additional rationale is the strong sensitivity of the lateral
current force to the vertical shear (e.g., Figure 13). Wind-induced
forces may exhibit the same shear sensitivity. The wind loads methodology
in Reference 2 was based on an evaluation of only those tests that
included a vertical wind shear (positive shear as defined in this report).
However, the wind measurements in this test showed a very uniform flow
field above 15 feet. Thus, the positive shear coefficients in Reference 2
would be too high for the uniform flow in this test, and a reduction
would be required analogous to Figure 13.

Until additional wind loads data becomes available, all the method-
ologies presented in References 2 and 8 are considered conservative.
Reductions of up to 20% (nominally 10%) may provide more realistic
estimates of the true magnitudes of the wind-induced loads.

RECOMMENDATIONS

This report has provided answers to some fundamental current loads
questions (e.g., deep water lateral loads) and has shown the inadequacy
of some commonly-used design practices (e.g., shallow water correction
factors).

While these data do not allow for complete resolution of the vessel-
current problem, they can be used as guidelines for further research.
Most importantly, the data can be used to validate similitude relationships,
which will allow for the confident use of model tests. Also, the load
sensitivities presented there will allow subsequent researchers (at any
scale) to recognize and properly quantify the effects of the numerous
parameters identified here.

Specific recommendations are to conduct model tests to establish
their value as a research tool and to continue full-scale testing with
particular emphasis on the shallow water phenomena.
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LIST OF SYMBOLS

A Cross-sectional or surface area
CD Drag coefficient
CN Yaw moment coefficient
Nhman: Positive amplitude of CN
N,min Negative amplitude of CN
Cx Longitudinal force coefficient
Cy Lateral force coefficient
O Maximum amplitude of C
Fx Longitudinal force
Fy Lateral force
K Effective longitudinal force multiplier
k Partial longitudinal force multiplier
ka Appendage drag longitudinal force multiplier
kb Sonar dome drag longitudinal force multiplier
kf Friction drag longitudinal force multiplier
kF Hull form drag longitudinal force multiplier
kp Propeller drag longitudinal force multiplier
L Ship length (waterline)
L Characteristic length for Reynolds Number
2C Moment arm for lateral current force, from bow
N Yaw moment about vessel midships
NBow Yaw moment about the vessel bow
NC Current-induced yaw moment
Nw Wind-induced yaw moment
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Reynolds Number

Ship draft

Wind or current velocity

Current velocity

Longitudinal force (parallel to keel)
Appendage drag (rudder, struts, etc.)

Form drag on sonar dome and longitudinal component of
bow hawser tension in horizontal plane

Current-induced longitudinal force
Friction force on hull

Form drag on hull

Net longitudinal mooring force
Propeller drag

Residual force

Longitudinal component of stern hawser tension in horizontal
plane

Total longitudinal force

Wind-induced longitudinal force

Lateral force (perpendicular to keel)

Lateral component of bow hawser tension in horizontal plane
Current-induced lateral force

Net lateral mooring force

Lateral component of stern hawser tension in horizontal plane
Wind-induced lateral force

Additional wind-induced lateral force due to vessel trim
Hawser angle at bow in horizontal plane

Incident current angle

Hawser angle at stern in horizontal plane



Angle where yaw moment value is zero
zero
Kinematic viscosity of water

Density of water

Angle function based on 6
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Table 1. Test Vessel Dimensions
T-2 DD-964 DD-826
Characteristic World War II Spruance Class World War II
Tanker Destroyer Destroyer
Length (waterline), ft 503 529 390
Beam, ft 68 55 41
Draft 15-31 19.5% 10
Displacement, fLton 8,000-22,000 8,000 2,400
b
No. of propellers 1 2 0
Propeller diameter, ft 19.5 17.0 (0]
Bilge keels yes yes yes
End-projected wind area, ft? 3,200-4,040 3,700 1,400
Side-projected wind area of hull, ft?2 6,240-12,430 12,200 5,650
Side-projected wind area of 5,000 9,500 4,200
superstructure, ft?
Hull surface area, ft?2 43,200 36,340 16,600
Level of fouling moderate; some low; first extreme;
grass along deployment several
the waterline after years'
drydock growth

aDraft of sonar dome was 29.5 ft.

b
Original two propellers were absent.

€At the draft present for the head-on tests.
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Table 2a. T-2 Test Conditions
Water . Current Speed (ft/sec)

Draft (ft) Depth (ft) S at location/depth of -- Current
Test a a Relative
No. Samse Stop Relative Mid-Channel Direction

Speed A . YC Barge
Bow Stern | Bow | Stern (ft/sec) Direction 12 ft (deg)
(deg) 10 ft 30 ft

2501 1602 1616 31.0 31.0 78 86 33.6 -65 2.65 3.15 2.95 -60
2502 1631 1648 31.0 31.0 78 86 31.0 -65 2.35 2.85 2.50 -55
2503A 1704 1709 31.0 31.0 78 86 34.5 -70 1.55 1.88 1.70 -55
2503B 1709 1714 31.0 31.0 78 86 34.5 -70 1.60 1.75 1.40 -55
2504 1743 1758 31.0 31.0 78 86 35.4 -65 0.40 1.40 0.50 -60
2602A 1010 1020 19.0 23.0 62 62 13.5 190 3.20 4.25 - 0
2602B 1020 1029 19.0 23.0 62 62 14.5 190 3.20 4.1 == 0
2603A 1037 1047 19.0 23.0 62 62 15.0 190 2.90 3.9 == 0
2603B 1047 1057 19.0 23.0 62 62 15.0 190 2.70 3.8 == 0
2604A 1112 1120 19.0 23.0 62 62 14.0 190 2.45 3.45 == 0
2604B 1120 1128 19.0 23.0 62 62 13.0 190 2.15 3.25 -- 0
2605 1305 1317 19.0 23.0 76 84 20.0 -70 1.10 0.20 1.20 -60
2607 1352 1406 19.0 23.0 77 85 23.0 -75 2.60 1.30 1.70 -80
2608 1413 1426 19.0 23.0 78 86 23.0 =75 3.50 3.10 3.10 -70
2609 1436 1456 18.3 23.0 77 84 22.0 -75 4.00 3.25 3.25 -75
2610 1507 1522 17.41 23.0 77 84 24.0 -75 3.50 3.40 3.40 =75
2611 1537 1548 16.3 23.0 76 82 22.6 -80 3.65 3.45 3.50 -80
2612 1602 1615 15.5 23.0 79 87 17.8 -60 3.50 3.40 3.30 -65
2613 1639 1654 15.2 23.0 73 81 20.0 -55 3.10 2.85 3.0 -45
2614 1704 1719 15.1 23.1 72 80 21.1 =40 2.60 2.45 2.50 =40
2615 1735 1745 15.0 23.2 72 80 25.6 -25 1.95 1.80 1.80 =45
2701 0746 0802 13.0 22.0 72 72 20.0 -95 3.50 4.55 4.80 90
2702A 0815 0821 13.0 22.0 71 71 21.1 -85 2.90 4.45 4.50 90
2702B 0822 0830 13.0 22.0 71 71 21.1 -80 3.80 4.30 4.80 90
2703 0840 0855 13.0 22.0 71 71 21.6 -80 3.50 5.15 5.20 95
2704A 0902 0910 13.0 22.0 71 71 22.5 -85 3.30 4.90 5.20 95
2704B | 0911 0919 13.0 22.0 71 71 21.1 -80 3.40 5.00 5.20 95
2706 0946 1001 13.0 22.0 64 69 23.2 -90 3.35 4.75 5.10 85
2707 1017 1032 13.0 22.0 62 68 23.0 -115 3.00 3.85 5.00 60

224-hr time.

Measured counterclockwise from bow (see Figure 10).




Table 2b. T-2 Test Responses
Bow Hawser Stern Hawser
Test . Relative . Relative
No. Tension V:zt;zal Horizongal Tension szti;al Horizongal
(103 1b) (dg N Angle (103 1b) (dg N Angle
& (deg) 2 (deg)
2501 115.0 2.9 -65 108.0 0 -55
2502 70.0 3.1 -55 65.0 0 -68
2503A 33.0 3.7 -35 35.0 0 -76
2503B 25.0 3.7 -35 25.0 0 -76
2504 12.0 9.3 -25 10.0 0.1 -71
2602A 10.7 7.0 0 oo == o=
2602B 9.9 7.0 0 - S oo
2603A 7.9 8.5 0 == o= S
2603B 6.9 8.5 0 =5 == ==
2604A 4.6 11.0 0 o S oo
2604B 3.7 12.0 0 oo S S
2605 8.9 6.6 ~40 8.9 6.5 =49
2607 13.8 6.1 -50 18.0 5.7 ~48
2608 57.5 5.0 ~-60 55.8 5.3 ~48
2609 61.0 5.0 -60 57.8 5.3 ~-48
2610 59.3 5.0 -58 59.2 5.3 -48
2611 77.9 5.0 -58 78.4 5.2 -48
2612 52.5 5.3 -68 49 .0 2.4 -54
2613 23.2 6.2 -63 19.8 3.5 -69
2614 17.0 6.8 -72 13.9 5.5 ~-74
2615 16.8 6.8 -72 16.5 4.5 -75
2701 59.0 5.7 52 82.0 4.4 70
2702A 58.0 5.8 52 75.0 4.5 70
2702B 60.0 5.8 52 87.0 4.5 70
2703 65.8 5.7 52 95.0 4.4 70
2704A 67.0 5.8 52 92.0 4.5 70
2704B 70.0 5.8 52 104.0 4.5 70
2706 67.1 5.6 60 76.0 2.2 69
2707 51.0 6.0 75 39.0 2.6 82

aSee Figure

—
o
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Table 3a.

DD-964 Test Conditions

Wind Current
liest Relative Relative
No. Speed . . a Speed . . a
(ft/sec) Direction (ft/sec) Direction
(deg) (deg)
265-03A 14 -35 1.95 -75
-03B 14 -35 1.6 ~-70
-04 14.5 -55 0.8 -100
-08 24 125 2.6 0
-09A 22 115 1.8 0
-09B 22 115 1.3 0
-10 15 -60 0.9 0
266-01 15 -60 2.7 0
-02 13 -60 3.0 0
-03 12 -60 2.9 0
-05 14 -60 2.8 0
-06 15 -60 2.6 0
-07 12 120 4.9 0
-08 13 95 4.6 0
?See Figure 10.
Table 3b. DD-964 Test Responses
Bow Hawser Stern Hawser
aesk . Vertical Re}atlve . Vertical Re%atlve
No. Tension Angle Horlzongal Tension Angle Hor1zon§al
(103 1b) (deg) Angle (102 1b) (deg) Angle
8 (deg) & (deg)
265-03A 46.0 9.2 -36 28.5 1.5 -42
-03B 41.5 9.5 -34 27.0 1.6 ~-42
-04 16.0 10.0 -68 12.5 1.7 -40
-08 4.0 17.0 0
-09A 3.35 18.0 0
-09B 3.20 23.0 0
~-10 3.35 12.0 0
266-01 8.8 12.0 0
-02 9.5 12.0 0
-03 8.5 12.0 0
-05 9.0 11.0 0
-06 7.5 14.0 0
-07 13.0 9.0 0]
-08 12.5 9.0 0
aSee'Figure 10.
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Table 4. T-2 Load Compounents
Mooringa wind® Current®
Test b
No. Longita:udinal Latgral Mo:nzzt Longitudinal Latgralb I(‘;E::;l M::\:nt Longi;,udinal Latgral Mz::nt
(102 1b) (103 1b) (10 £t-1b) (103 1b) (103 1b) (103 1b) (105 ft-1b) (103 1b) (102 1b) (106 £t-1b)
2501 13.4 192.6 -4.06 2.0 ~5.8 -1.7 0.44 -15.4 -185.0 3.62
2502 -15.8 117.5 0.67 1.7 -5.0 -1.5 0.36 14.1 -111.0 -1.03
2503A -18.7 54.8 4,21 1.9 -6.3 ~-1.8 0.38 16.8 -46.7 -4.59
2503B -14.4 38.5 2.40 1.9 -6.3 -1.8 0.38 12.5 -30.4 -2.78
2504 ~7.6 14.4 1.00 2.1 -6.6 -1.9 0.45 S5 -6.0 -1.45
2602A ~10.7 0 0 ~0.6 0 0 0 11.0 0 [
2602B -9.8 0 0 -0.7 0 0 0 10.3 0 0
2603A -7.8 0 0 -0.7 0 0 0 8.4 0 0
2603B -6.9 0 0 -0.7 0 0 0 7.4 0 0
2604A -4.5 0 0 -0.6 0 0 0 5.1 0 0
2604B -3.6 0 0 -0.6 0 0 0 4.1 0 0
2605 -1.0 13.2 0.05 0.7 -3.8 -0.6 06.15 0.3 -8.8 -0.20
2607 0.2 27.4 -0.17 0.8 -5.1 -0.8 0.16 -1.0 -21.5 0.01
2608 8.6 90.9 ~-2.09 0.7 -5.1 -0.8 0.15 -9.3 -84.9 1.94
2609 8.2 95.4 -2.46 0.7 -4.7 -0.7 0.13 -8.9 -89.9 2.33
2610 8.3 93.9 -1.55 0.9 -5.5 -1.2 0.18 -9.2 -87.1 1.37
2611 11.2 123.8 -1.89 0.7 -4.9 -1.3 0.13 -11.9 -117.6 1.76
2612 9.1 84.9 -1.41 0.7 -2.9 ~-0.8 0.17 -9.8 -81.1 1.24
2613 -3.5 39.1 ~0.49 1.1 -3.4 -1.0 0.24 2.4 -34.6 0.25
2614 -1.4 29.3 -0.69 1.4 -3.2 -0.9 0.27 0 -25.4 0.42
2615 -0.9 32.1 0.06 2.4 -2.5 -0.8 0.34 -1.5 -28.7 -0.40
2701 -8.2 -123.1 2.58 0.1 -4.0 -1.3 -0.05 8.1 128.4 -2.53
2702A -10.1 -115.7 -3.26 0.4 -4.6 -1.4 0.05 9.7 121.7 3.21
2702B SI72 -128.5 -7.80 0.6 -4.6 -1.4 0.12 6.6 134.5 7.68
2703 -8.0 -140.6 -6.23 0.6 -4.8 -1.5 0.10 7.4 146.9 6.13
2704A -9.8 -138.6 -8.60 0.5 -5.2 -1.6 0.07 9.3 145.5 8.53
2704B -7.5 -152.3 -9.36 0.5 4.6 -1.4 0.08 7.0 158.3 9.23
2706 -6.3 -128.7 -8.32 0.3 -5.8 -1.7 -0.03 6.0 135.9 8.35
2707 -7.8 -87.6 -10.30 -0.5 5 87 -1.7 -0.31 8.3 94.5 10.61
a .
See Figure 10.
bIncludes reduction from Reference 2 recommendations. The total lateral wind force is the sum of these two columns.
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Table 5. DD-964 Load Components
Mooringa Wind® Current®
3 Yaw Yaw Yaw
No. Longitudinal | Lateral Moment Longitudinal | Lateral Moment Longitudinal | Lateral Moment
3 3 3 3 3 3
(103 1b) (103 1b) (106 ft-1b) (103 1b) (103 1b) (108 £t-1b) (103 1b) (103 1b) (106 ft-1b)

265-03A -15.60 45.7 -3.1 1.84 -6.7 0.76 13.76 -39.1 2.34

-03B -13.90 40.9 -2.2 1.84 -6.7 0.76 12.06 -34.3 1.46

-04 -3.70 22.6 -2.3 1.60 -11.0 0.97 2.10 -11.6 1.32
-08 3.82 -0.81 4.63
-0%9A 3.35 -0.68 3.88
-09B 2.90 -0.68 3.60
-10 2.80 0.81 2.00
266-01 8.60 0.81 7.79
-02 9.10 0.66 8.44
-03 8.30 0.52 7.80
-05 6.20 0.70 5.50
-06 5.60 0.81 4.79
-07 12.85 -0.20 13.05
-08 12.35 -0.20 12.55

a

See Figure 10.




Table 6.

T-2 Deep Water Lateral Force Coefficients

Current

Test Reynolda c ??FeFalt
Si. Meana Vertical Nornalhiztd Incident Number DR g ats

Speed Gradient Gradient Direction (1098) c (e)e c f

(ft/sec) | (ft/sec) (deg) y y,max
2614 2.60 -0.15 -0.06 -40 7.1 0.38 0.96
2613 3.10 -0.25 -0.08 ~45 8.4 0.37 0.80
2615 1.95 -0.15 -0.08 -45 5.3 0.78 1.68
2612 3.48 -0.10 -0.03 -65 9.5 0.68 0.95
2608 3.43 -0.40 -0.12 -70 10.3 0.67 0.87
2609 3.88 -0.75 -0.19 -75 11.0 0.57 0.69
2610 3.49 -0.10 -0.03 -75 10.1 0.70 0.85
2611 3.63 -0.20 -0.06 -80 10.2 0.89 1.03
2605 1.00 -0.90 -0.90 -60 3.0 0.81 1.23
2607 2.44 -1.30 -0.53 -80 7.3 0.34 0.39
2707 3.17 0.85 0.27 60 7.9 1.06 1.61
2706 3.45 1.40 0.40 85 8.6 1.28 1.41
2702B 3.92 0.50 0.13 90 9.8 0.98 1.04
2701 3.61 1.05 0.29 90 9.0 1.10 1.17
2702A 3.01 1.55 0.52 90 7.5 1.50 1.60
2703 3.62 1.65 0.46 95 9.1 1.26 1.30
2704B 3.54 1.60 0.45 95 8.9 1.42 1.47
2704A 3.46 1.60 0.46 95 8.7 1.36 1.41
*Mean Speed: at mid-ships, at mid-draft.
bVertical Gradient: Velocity (30-ft depth) - Velocity (10-ft depth).
CNormalized Gradient: Vertical Gradient/Mean Speed.
dReynolds Number: [Mean Speed x 2 (draft)]/(1.4 x 10-5 ft?/sec).

ecy(e): Lateral coefficient at that incident angle.

ac

y,max’

29

Coefficient extrapolated to an equivalent beam-on current.




Table 7.

DD-964 Deep Water Lateral Force Coefficients

Current Lateral
Test Reynold Coefficients
No Meana Vertical Normalized Incident Number St
: Speed Gradient Gradient® Direction (109) c (e)e f
(ft/sec) | (ft/sec) (deg) 'y y,max
265-03A 1.95 0.90 0.46 -75 5.4 1.04 1.18
-03B 1.60 0.90 0.56 -70 4.3 1.43 1.70
-04 0.80 2.1 2.60 -100 2.2 1.72 1.72
IMean Speed: at mid-ships, at mid-draft.
PVertical Gradient: Velocity (30-ft depth) - Velocity (10-ft depth).
“Normalized Gradient: Vertical Gradient/Mean Speed.
dReynolds Number: [(Mean Speed x 2 (draft)]/(1.4 x 10-5 ft2/sec).
eCy(B): Lateral coefficient at that incident angle.
ny max’ Coefficient extrapolated to an equivalent beam-on current.
Table 8. T-2 Shallow Water Lateral Force Coefficients
for Water Depth/Draft = 2.6
Current T Haterhl
T;zt Meana Vertical Normalized Incident Number S s ents
. Speed Gradient Gradient® Direction (10%) c (e)e c f
(ft/sec) | (ft/sec) {deg) y y,max
2501 2.82 0.50 0.18 -60 12.5 1.47 2.23
2502 2.50 0.50 0.20 -55 11.0 1.13 1.90
2503A 1.66 0.33 0.20 -55 7.4 1.07 1.80
2503B 1.60 0.15 0.09 -55 7.1 0.75 1.26
2504 0.65 1.00 1.53 -60 2.9 0.91 1.39

“Mean Speed:
bVertical Gradient:
CNormalized Gradient:

dReynolds Number:

€c (0):
P
c

y,max

at mid-ships, at mid-draft.

Velocity (30-ft depth) - Velocity (10-ft dep
Vertical Gradient/Mean Speed.

[ (Mean Speed x 2 (draft)]/(1.4 x 10.5 ft?/sec)

Lateral coefficient at that incident angle.

Coefficient extrapolated to an equivalent beam-on curre

30

th).

.

nt.




Table 9. Shallow Water Correction Factors

Lateral Force Yaw Moment
Mean .
Reynolds Normalized
Test Current .
: Numger Vertical Force Moment
No. Velocity . c . C .
(ft/ ) (107) Gradient y,max Correctéon N Correctson
sec Factor Factor
2501 2.82 12.5 0.18 2.23 1.86 0.058 -0.6
2502 2.50 11.0 0.20 1.90 1.53 -0.021 0.2
2503A 1.66 7.4 0.20 1.80 1.45 -0.213 2.1
2503B 1.60 7.1 0.10 1.26 1.13 -0.139 1.4
%Factor = C divided by C in deep water with same gradient (see equ 9).
y,max y,max

b - . .
Factor = C, divided by -0.1, which is the estimated deep water value at that
incident angle under equivalent trim and shear conditions.
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Table 10a. T-2 Yaw Moment Coefficients
Current Water Depth

Test Yoy

Mean Normalized Gradients . Incident Draft Moment
No. a Normalized . . -

Speed b o Trim Direction (Mean) Coefficient

(ft/sec)| Vertical Horizontal {deg)

2501 2.82 0.18 0.03 0 -60 2.6 0.058
2502 2.50 0.20 0.02 0 -55 2.6 -0.021
2503A 1.66 0.20 0.04 0 -55 2.6 -0.213
2503B 1.60 0.09 0.06 0 -55 2.6 -0.139
2504 0.65 1.53 -0.07 0 -60 2.6 -0.447
2614 2.60 -0.06 -0.01 0.42 -40 4.8 0.012
2613 3.10 -0.08 -0.01 0.42 =45 4.9 0.005
2615 1.95 -0.08 -0.03 0.42 =45 4.8 -0.023
2612 3.48 -0.03 -0.03 0.42 -65 5.1 0.021
2608 3.43 -0.12 -0.05 0.19 -70 4.1 0.031
2609 3.88 -0.19 -0.09 0.23 -75 4.2 0.029
2610 3.49 -0.03 -0.01 0.28 -75 4.4 0.022
2611 3.63 -0.06 -0.02 0.34 -80 4.6 0.027
2605 1.00 -0.90 0.05 0.19 ~-60 4.0 -0.037
2607 2.44 -0.53 0.17 0.19 -80 4.0 0
2707 3.17 0.27 0.30 0.51 60 4.8 -0.056
2706 3.45 0.40 0.23 0.51 85 4.9 0.061
2702B 3.92 0.13 0.12 0.51 90 5.5 0.133
2701 3.61 0.29 0.17 0.51 90 5.5 0.152
2702A 3.01 0.52 0.25 0.51 90 5.5 0.125
2703 3.62 0.46 0.22 0.51 95 5.5 0.159
2704B 3.54 0.45 0.24 0.51 95 5.5 0.157
2704A 3.46 0.46 0.26 0.51 95 5.5 0.191
¥Mean Speed: current speed at mid-ships, at mid-draft.
b

Normalized Vertical Gradient:

c .
Normalized Horizontal Gradient:

dNormalized Trim:

[Velocity (30 ft) - Velocity (10 ft)]/Mean Speed.

[Velocity (stern) - Velocity (bow)]/Mean Speed.

[Draft (stern) - Draft (bow)]/Mean Draft.




Table 10b. DD-964 Yaw Moment Coefficients®
Current

Yaw
T§St Mean Incident Moment

0- Speed Direction | Coefficient

(ft/sec) (deg)

265-03A 1.95 ~-75 -0.11
-03B 1.60 -70 -0.10
-04 1.15 -100 -0.18

a_ . . . .
Neither the horizontal nor vertical gradients

were m

easured.

Table 10c. DD-826 Yaw Moment (and Lateral) Coefficients? (from Ref 4)
Current Lat?rél
Coefficient
Yaw Reynolgs
Test
. Moment Number
No. Mean Incident Coefficient (108)
Speed Direction et C _(8) Co o
(ft/sec) (deg) y ¥
1A 0.39 145 0.25 1.16 1.64 0.31
1B 0.37 140 0.20 0.88 1.41 0.34
7 0.69 110 -0.04 1.06 1.06 0.92
8 0.59 60 0.05 0.90 1.19 0.73
9 0.54 95 0.07 0.84 0.88 0.77

a . . . .
Both the horizontal and vertical gradients were essentially zero.

b 1 .. . .
Based on twice the draft as the characteristic dimension.
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Table 11.

T-2 Longitudinal Forces and Coefficients

Environmental Excitations

(ft/sec) Horizontal . Bump T-2
. Wind Barge
Test Moorin Current e
Current at Force Current K
No. Depth of-- Force (k1b) Force Force
P Wind |  (k1b) (kib) (k1b)
10 ft | 30 ft | 20 ft?
2602A| 3.2 4,25 3.75 13.3 -10.66 -0.58 0.24 11.0 803
B| 3.2 4.1 3.6 14.5 -9.82 -0.69 0.24 10.3 792
2603A| 2.9 3.9 3.4 15.0 -7.81 -0.74 0.17 8.4 725
B| 2.7 3.8 3.3 15.0 -6.85 -0.74 0.16 7.4 682
2604A | 2.45 3.45 3.0 14.0 -4 .55 -0.64 0.12 5.1 563
B| 2.15 3.25 2.75 13.0 -3.59 -0.55 0.09 4.1 555

a . . Lo .
Estimate based on the two previous measured velocities. This speed was

used in the analysis because it represents the velocity where most of the
hull surface area (and associated friction drag) was concentrated.

Positive forces defined in Figure 10.

c . . . c . -
Estimated using techniques summarized in Reference 2 for a stern-on wind.

dApproximate barge drag, assuming low surface current speed over 3 ft draft

and large sheltering due to tanker boundary layer and shadowing.

dimensions:

®See Equation 5.

110- by 40- by 3-ft draft by 9-ft freeboard.

34
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Table 12.

DD-964 Longitudinal Forces and Coefficients

Environmental Excitations

Current Wind Prgacilles Horlz?ntal LonglFud1nal Longitudinal
Test N c Moorin Wind Current e
Pitch K

No. Relati (%/deg) Force Force Force

Speed | . . _a | Speed ne-ative €g (k1b) (k1b) (k1b)

(ft/sec) irection (ft/sec) Direction

(deg)

08 2.6 Ebb 24.0 235 0 -3.8 ~0.8 4.6 680
09A 1.8 Ebb 22.0 245 0 -3.2 -0.7 3.9 1200
09B 1.3 Ebb 22.0 245 0 -2.9 -0.7 3.6 2130
10 0.9 Flood 15.0 60 0 -2.8 0.8 2.0 2470
1 2.7 Flood 15.0 60 0 -8.6 0.8 7.8 1070
2 3.0 Flood 13.5 60 100/26 -9.15 0.65 8.4 930
3 2.9 Flood 12.0 60 0 -8.3 0.5 7.8 930
5 2.8 Flood 14.0 60 0 -6.2 0.7 5.5 702
6 2.6 Flood 15.0 60 100/26 -5.6 0.8 4.8 710
7 4.9 Ebb 12.0 240 0 -12.9 -0.2 13.1 545
8 4.6 Ebb 13.0 265 100/26 -12.35 ~0.25 12.6 595

a . . .
Flood tide current measurements are accurate; ebb tide measurements are approximate only.

b
Measured counterclockwise from the bow (head wind = 0 deg angle).

“Variable pitch propellers were adjusted as a design parameter.

last two

d x
Positive

tests.

forces defined in Figure 10.

€see Equation 5.

Also, full right-rudder was used for

the
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Figure 3. Diagram of test configuration.



Figure 4. Typical test configuration.
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Figure 5. Instrumentation subsystems.
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(a) External loads.

bhow hawser

hawser

(b) Hawser loads.

Figure 10. Definitions of loads.
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Appendix A

SAMPLE DATA SET

A large number of measurements were required in each test to allow
for a complete description of the excitations and system response. Many
of these were dynamic in nature, such as wind speed, while some were
static, such as the vessel heading and some backup measurements. This
appendix contains some of the "dynamic" measurements from test 2501 to
illustrate representative data.

Figures A-1 through A-8 show the bow and stern hawser response and
wind field measurements for that test. Information on the instrumentation
is presented in the INSTRUMENTATION section of the report. Averaged
values from these figures used in the analyses are presented in
Tables 2a and 2b.

A discussion of the current fields is included in Appendix B.
Measurements pertinent to this sample data set (test 2501) are included
in that appendix to illustrate a typical current field.
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Figure A-2. Bow vertical angle versus time, test 2501.
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Figure A-3. Bow horizontal angle versus time, test 2501.
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Figure A-4. Stern hawser load versus time, test 2501.
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Figure A-5. Stern vertical angle versus time, test 2501.
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Figure A-6. Stern horizontal angle versus time, test 2501.
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Appendix B

WIND AND CURRENT EXCITATIONS

Both of these excitations were carefully measured in these tests,
including instantaneous, time-averaged, and spatial measurements.
Further information is contained in the DATA COLLECTION AND PREPARATION
section.

The wind was usually steady and varied between 0 and 36 ft/sec over
the course of the T-2 and DD-964 tests. As shown in Figures A-7 and A-8
in Appendix A, the wind was steady over individual tests. In addition,
measurements taken at the T-2 and the YC barge were always within
1 ft/sec, typically less than 0.5 ft/sec, which shows that the wind
field was very uniform.

Figure B-1 and Tables B-1 and B-2 illustrate the character of the
current field over time scales corresponding to individual tests. Data
from test 2501 are presented to augment the data in Appendix A.

Figure B-1 shows the steady nature of the flow, taken from instantaneous
measurements. Tables B-1 and B-2 show both the time and spatial
characteristics of the current field over 1 hour, including test 2501.

Current measurements for the T-2 and DD-964 tests are shown in

Figures B-2 and B-3, respectively.
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Table B-1.

Representative 1-Minute Averaged Currents®

Time

Current Speed (ft/sec) and Direction (magnetic deg, current towards) at the Following Additional Minutes--

+0

+1

+2

+3

+4

+5

+6

+7

+8

+9

Speed

Dir.

Speed

Dir.

Speed

Dir. | Speed

Dir.

Speed | Dir.

Speed

Dir.

Speed

Dir.

Speed

Dir.

Speed

Speed | Dir.

Depth = 10

ftb

1527
1537
1547
1557
1607
1617
1627

1637

2.873

2.932

2.749

2.751

2.686

2.635

2.346

2.295

78.0

82.6

87.4

78.6

82.2

76.8

77.1

74.6

2.847

2.984

2.742

2.781

2.603

2.700

2.346

83.3
80.1
86.9
78.8
79.7
76.4
76.2

79.0

2.998

2.971

2.780

2.748

2.600

2.697

2.524

80.7 | 2.
81.6 | 2.875
81.7 |1 2.769
79.5 (2.733
82.7 | 2.616
77.5]2.528
79.5 [ 2.452

81.1]2.299

78.8

85.6

78.7

81.2

81.6

76.9

74.9

75.1

2.841 | 80.4
2.879 | 85.9
2.782 | 80.3
2.599 | 79.1
2.587 | 78.4
2.618 | 77.5
2.394 | 74.3

2.345]79.8

82.8

83.1

83.3

80.5

77.2

77.4

76.9

79.1

2.957
2.955
2.774
2.567
2.666
2.612
2.421

2.360

79.2

82.6

81.9

78.5

75.8

79.1

79.7

79.1

2.856

2.513
2.662
2.495
2.358

2.415

82.7
84.8
79.7
78.9
80.3
75.2
76.3

77.0

2.942

82.7

84.6

81.8

84.3

81.0

78.8

76.6

78.1

2.813(77.9

2.635 | 78.7

2.535178.5

Depth = 30

1521
1531
1541
1551
1601
1611
1621
1631

1641

3.638

3.424

3.498

3.274

2.975

3.149

2.871

2.643

86.7
89.0
93.8
92.1
90.9
87.6
93.6
93.3

88.3

3.760

3.410

3.470

3.231

2.938

3.166

2.713

2.455

88.4

91.9

92.2

91.8

92.1

88.2

94.4

90.6

84.1

3.637

3.664

3.562

3.389

3.187

2.955

2.880

2.366

91.3 | 3.641

89.3 | 3.465
91.3 | 3.445
93.4 | 3.397
92.0 | 3.181
93.6 | 3.186
92.2 | 3.064
90.8 | 2.

84.7 | 2.612

93.0

91.3

93.4

88.9

92.1

93.4

92.4

92.6

84.7

3.409 | 95.3

3.310 | 90.5

3.201 | 92.8

3.128 | 91.8

2.903 | 89.1

2.906 | 95.4

2.479 | 80.7

3.233
3.245
2.867

2.843

2.335

92.2

90.8

91.0

91.9

89.5

93.3

91.5

94.3

79.7

3.604
3.368
3.457
3.384
3.158
3.131
2.945

2.563

2.364

89.9
92.6
90.5
93.3
93.8
90.2
94.9
90.6

77.8

3.507

3.465

3.408

3.341

3.239

3.224

3.014

2.672

2.472

91.9

91.3

88.7

94.0

93.4

92.3

92.5

90.2

74.6

3.546

3.410

3.412

3.198

3.130

3.226

3.068

2.649

89.2

91.1

90.5

91.5

91.4

94.2

94.9

89.8

71.9

3.454 [ 92.5
3.461 | 92.6
3.271(91.8
2.993 | 90.4
3.086 | 93.1

2.920 ] 93.1

2.546 | 67.2

a q .
See Table 2a for average current values used in analysis.

bTest 2501 runs from 1557 +5 through 1607 +9.
“Test 2501 runs from 1601 +1 through 1611 +5.
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Table B-2.

Representative 5-Minute Averaged Currents

Depth = 10 ft

Depth = 30 ft

Velocity (ft/sec) and Direction

. . (magnetic deg) Differences

Time TR VA7 Direction e B e e Direction (Shallow Minus Deep)
(ft/sec) . (ft/sec) .
(magnetic (magnetic
East | North | Total de8) | East | North | Total £ap)) i eeC ] T || Tefall | aceticn

1527 2.868] 0.494 1 2.910 80.2 3.517| -0.023 | 3.517 90.3 -0.649 | 0.517 | -0.607 -10
1532 2.900| 0.418 | 2.930 81.8 3.552| -0.020 | 3.552 90.3 -0.652 | 0.438 | -0.622 -8
1537 2.905} 0.352 | 2.926 83.0 3.460( -0.099 | 3.462 91.6 -0.555 | 0.451 | -0.536 -9
1542 2.842| 0.310{ 2.858 83.7 3.444) -0.192 | 3.449 93.1 -0.602| 0.502 | -0.591 -9
1547 2.738| 0.338( 2.759 82.9 3.440| -0.039 | 3.440 90.6 -0.702 | 0.377 | -0.681 -8
1552 2.756 | 0.439 | 2.791 80.9 3.411| -0.081 | 3.412 91.3 -0.655| 0.520 | -0.621 -10
1557 2.676 0.499 | 2.722 79.4 3.295] -0.144 | 3.298 92.5 -0.619| 0.643 | -0.576 -14
1602a 2.514| 0.425 | 2.530 80.4 3.210( -0.111] 3.212 91.9 -0.696 ] 0.536 | -0.662 -12
16072%| 2.585| 0.413 2.617 80.9 3.148] -0.095 | 3.149 91.7 -0.563| 0.508 | -0.532 -11
16IZa 2.601| 0.526 | 2.653 78.5 3.079| -0.055 ] 3.080 91.0 -0.478 | 0.581 | -0.447 -12
16172 2.568 0.592 ] 2.636 77.0 3.178| -0.146| 3.181 92.6 -0.610) 0.738 | -0.545 -16
1622 2.493| 0.538| 2.551 77.8 3.043| -0.128 | 3.046 92.4 -0.550( 0.666 | -0.495 -14
1627 2.373| 0.574 | 2.442 76.4 2.957] -0.176 | 2.962 93.4 -0.584 | 0.750 | -0.520 -17
1632 2.330| 0.514 | 2.386 77.5 2.852| -0.127 | 2.855 92.5 -0.522| 0.641 | -0.469 -15
1637 2.266( 0.485 ] 2.317 77.9 2.687| -0.059 | 2.688 91.2 -0.421 ) 0.544 | -0.371 -13
1642 2.308( 0.490| 2.360 78.0 2.498 0.237 ] 2.509 84.5 -0.190| 0.253 | -0.149 -7
1647 2.240| 0.537| 2.304 76.5 2.364 0.674 | 2.459 74.0 -0.124| 0.137 | -0.155 3

aTest 2501.
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Figure B-1.

Representative instantaneous currents.
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Figure B-2. Current measurements from the T-2 tests.
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Figure B-3. Current measurements from the DD-964 tests.
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Appendix C

IDENTIFICATION OF FLOW PHENOMENA

The primary objective of these tests was to collect reliable data
for validating current loads methodologies. This information is presented
in the main text as design coefficients. For many of the tests, the
behavior of these coefficients corroborates that the basic flow phenomena
are well understood; the Reynolds Number dependence of the deep water
lateral force coefficient is a good example.

However, some of the coefficients exhibited behavior that is contrary
to expectations. In these cases the flow phenomena and associated force
behavior are not as well understood. For example, the sign reversal of
the shallow water yaw moment coefficient at a constant current angle is
fundamentally different compared to the expected constant coefficient.

A better understanding of the flow phenomena is required in these latter
cases before design coefficients can be confidently established.

Information on the basic flow phenomena is available from two
sources from these tests. First, direct measurements were taken of the
three-dimensional velocities in the wake of the T-2 tanker.® Velocity
profiles were taken at 5-foot depth increments at 10-, 20- and 30-foot
distances downstream from the hull. The incident current was essentially
beam-on. Mean and dynamic velocity components are presented.

Second, some qualitative information is indirectly available from
the hawser force measurements. If the hull was inducing vortices off
the bow and stern in the horizontal plane, the oscillating wakes would
produce out-of-phase dynamics in the bow and stern hawser forces.

Figure C-1 shows hawser forces from test 2501. There is a regular
pattern of oscillations with a 65-second period in both records. However,
the forces are in-phase, which is contrary to the expected behavior.
Figure C-2 shows the same forces for test 2502. Dynamics are still
present, still in-phase, but with a 94-second period. Also, observe

that the stern force dynamics are larger than the bow force dynamics for
both tests. These oscillations do not appear to be related to any
natural frequency of the mooring system because the frequencies are too
low, no major vessel displacements were detected, and the amplitudes do
not damp out.

These observations show that the flow phenomena are probably the
same in both tests. Further analyses of these and other test data may
lead to an improved understanding of the flow, with a corresponding
improvement in the resolution of design coefficients.

*Naval Civil Engineering Laboratory. Technical Memorandum M-44-84-06:
Three dimensional flow-measurements behind a tanker in a beam current,
by P. Palo, N. Gwinn, and A. Smith. Port Hueneme, Calif., Sep 1984.
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Appendix D

THEORETICAL ANALYSIS OF THE MEASUREMENTS

The deep water yaw moment coefficients shown in Figure 18 are
functions of too many parameters to allow for meaningful interpretations.
An effort was made to theoretically account for these parameters and
allow for extrapolation to level hull-uniform flow conditions for all
the tests. This analysis was unsuccessful, but a brief description of
the technique may prove valuable in guiding future attempts.

GENERAL APPROACH

The model was based on the assumption that each section of the hull
had a unique, two-dimensional, lateral force coefficient due to its
local beam-to-draft ratio, its bilge keel (rounding) radius, and any
applicable end effect that allowed the flow to become three-dimensional.
These local coefficients were calculated using general drag information¥
and normalized by the mid-ships coefficient.

The result was a series of "known" relative factors for each section
times an unknown coefficient magnitude (representing mid-ships). This
unknown coefficient was calculated using these sectional factors, along
with sectional areas and velocities, and the measured lateral force.

A similar procedure was also used based on the same factors, areas
and velocities, but moment arms to each section were added, and the same
unknown mid-ships coefficient was solved using the measured yaw moment.

Since the lateral drag and yaw moment are physically related, these
two calculated coefficients should match for each test.

RESULTS

The agreement between the coefficients was not found to be consis-
tent enough to demonstrate that the calculated coefficients were correct.
This is not surprising, since the variations evident in the T-2 shallow
water yaw moment coefficients imply that it is incorrect to assume that
the flow at each section behaves independently of the neighboring sections.
Therefore, a simple strip theory with independent superposition forces
will not accurately model this phenomenon.

*S. Hoerner. Fluid-dynamic drag. New Jersey, 1965.
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Appendix E

LONGITUDINAL FORCE CALCULATIONS

LONGITUDINAL CURRENT FORCE COMPONENTS

There are several terms required to calculate the total longitudinal
force on a ship (see LIST OF SYMBOLS for definitions). These terms are
usually represented as follows:

XT = xf + xr (E-1)

where the Xr term is made up of the following components:
= + + -
Xr XF + Xp Xa Xb (E-2)

All of the above terms are estimated using the same generic equation:

1 2 N
X =5pVac (E-3)

The form drag coefficients are considered constant. The friction
drag coefficient, however, is a function of Reynolds Number. For these
tests the Reynolds Number range was small, and this coefficient can also
be assumed to be constant. This equation can, therefore, be further
simplified into the following form:

X = kv (E-4)

where k = 0.5 p A C_.

This simplification implies that the total drag force (X._) for a
specific ship can be quickly calculated for any current velocity once
the constant k terms have been precalculated and summed. Using the same
nomenclature as above, XT can be estimated using a total coefficient

X):
X, = KV (E-5)

where
K = kf + kF + kp + ka + kb (E-6)

E-1



DD-964 FORCE

Table E-1 lists the parameters used to calculate K for the DD-964
using Equation E-6.

The approximate expression for the total longitudinal force on
vessels in the DD-964 is found by summing the k values in Table E-1:

K = (91 + 30 + 384 + 110 + 19) = 630

Therefore,

XT = 630 V2 (XT in 1b if V is in ft/sec) (E-7)

The relative contributions from the various terms can be found
using the values in Table E-2 (e.g., propeller drag is (384/630) or 61%
of the total force).

T-2 FORCE

Table E-2 lists the component k values used to calculate the T-2
longitudinal force. The total K value is then 530.

COMPARISON OF EXPERIMENTAL AND CALCULATED FORCES

The easiest comparison between the calculated and experimental
forces is to convert the experimental data points into the equivalent k
value summed above in Equation E-7. These k values are shown in Tables 10
and 11 and Figure 21.

The calculated K value for the DD-964 is correct over the higher
range of current speeds. The calculated K for the T-2 corresponds to an
average of the experimental k's.

If the T-2 hull drag term is neglected, the K value drops to 435.
This is clearly too low. The smaller hull form drag coefficient used
for the DD-964 is a compromise between the need to use a hull form drag
for the T-2 and the fact that the DD-964 drag force can be calculated
quite accurately without including that term.

Existing methodologies for calculating longitudinal drag do not
include a term for hull form drag. This seems to be a consequence of
extrapolating resistance relationships for high speed longitudinal drag
(where hull form drag is negligible) rather than an evaluation of the
low speed problem. Reference E-2 presents results from Reference E-3,
which shows that form drag is a function of the length to diameter (L/D)
ratio for bodies of revolution. The percent of form drag to total drag
was found to be 5, 17, and 30 as the L/D ratio decreased from 10 to 5 to
3.33, respectively. For the test vessels considered here, L/D is either
(length/beam) or [length/(two times draft)]; either relationship shows a
L/D ratio of 8 to 10. Using this guidance and the DD-964 asymptotic
experimental K value of 500, then the should be about 30. The corre-
sponding drag coefficients (from Tables E-1 and E-2) would be 0.03 and
0.02 for the DD-964 and T-2, respectively. The larger value of 0.06 was
selected for the T-2 to reflect the less streamlined hull shape compared
to the DD-964.

E-2
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Table E-1.

DD-964 Longitudinal Force Components

Variable Area (ft?) Coe?i?iient k Comments
kf 36,340 0.0025 91 ITTC coefficient + 0.005
kg 1,000 0.03 30 | Estimate?
k 320 1.2 384 C. from Reference E-1;
P 19-ft diameter used
ka 110 1.0 110 Very approximate CD
kb 95 0.2 19 CD for turbulent flow

on sphere

?See discussion in COMPARISON OF EXPERIMENTAL AND CALCULATED FORCES

section.
Table E-2. T-2 Longitudinal Force Components
. Drag
2
Variable Area (fc?) Coefficient k Comments
kf 43,200 0.002 + 0.001 162 ITTC coefficient, with
50% added for fouling
Ky 1,564 0.06 95 | Estimate only®
kp 209 1.2 251 CD from Reference E-1
k 15 1.2 20 Rudder only

Isee discussion in COMPARISON OF EXPERIMENTAL AND CALCULATED FORCES

section.
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MD; Code 1706 (Rispin), Bethesda, MD; Code 4111 (R. Gierich). Bethesda MD; DET. Code 119,
Annapolis, MD; DET, Code 1250, Annapolis. MD:; DET, Code 1568, Annapolis, MD: DET, Code 284,
Annapolis, MD; DET, Code 2842, Annapolis, MD: DET. Code 4120, Annapolis, MD: DET. Code 522
(Library). Annapolis, MD

EODGRU ONE DET. CO. Point Mugu. CA

FMFLANT CEC Offr, Norfolk VA

FMFPAC G5 (SCIAD)., Camp HM Smith, HI

GIDEP OIC, Corona, CA

IRE-ITTD Input Proc Dir (R. Danford), Eagan, MN

KWAJALEIN MISRAN BMDSC-RKL-C

LIBRARY OF CONGRESS Sci & Tech Div, Washington, DC

MARCORDIST {2, Code 4, San Francisco, CA

MARINE CORPS BASE ACOS Fac Engr, Okinawa

MARINE CORPS HQTRS Code LLM-2, Washington, DC

MCAS Dir, Fac Engrg Div, Cherry Point, NC

NALF OIC, San Diego, CA

NAS Code 163, Keflavik, Iceland; Code 83, Patuxent River. MD: Director. Engrg. Div: PWO. Keflavik.
Iceland; PWO, Willow Grove, PA

NATL BUREAU OF STANDARDS R Chung. Gaithersburg. MD

NATL RESEARCH COUNCIL Naval Studies Bd, Washington. DC; Naval Studies Board, Washington. DC

NAVAIREWORKFAC Code 640.1. San Diego. CA



NAVCAMS SCE. Wahiawa. HI: Security Offr. Wahiawa. HI

NAVCHAPGRU CO Williamsburg VA:; Code 30, Williamsburg, VA

NAVCOASTSYSCEN CO, Panama City, FL: Code 2230 (J. Quirk) Panama City, FL: Code 715 (J. Mittleman)
Panama City, FL: Code 772 (C.B. Koesy). Panama City. FL: Tech Library. Panama City, FL

NAVCOMMSTA Dir, Maint Control. PWD. Dicgo Garcia

NAVCONSTRACEN Curriculum & Instr Stds Offr. Gulfport, MS

NAVEDTRAPRODEVCEN Tech Lib. Pensacola. FL

NAVFAC PWO. Centerville Bch, Ferndale CA

NAVFACENGCOM Code 03, Alexandria, VA: Code 03T (Essoglou). Alexandria, VA:; Code 04Al,
Alexandria, VA: Code 04B3, Alexandria, VA: Code 04M. Alexandria, VA: Code 04TIB (Bloom).
Alexandria, VA: Code 04T4. Alexandria. VA: Code 04T5. Alexandria. VA; Code 06, Alexandria VA: Code
07A (Herrmann), Alexandria, VA; Code 07M (Gross), Alexandria, VA:; Code 09M124 (Tech Lib).
Alexandria, VA: Code 100. Alexandria. VA: Code 1002B. Alexandria. VA; Code 1113, Alexandria, VA

NAVFACENGCOM - CHES DIV. Code 405, Washington, DC; Code 407 (D Scheesele) Washington, DC; Code
FPO-1C Washington DC; Code FPO-1E. Washington. DC: Code FPO-1E. Washington, DC; FPO-1,
Washington, DC

NAVFACENGCOM - LANT DIV. Br Ofc. Dir, Naples, Ttaly: Code 1112, Norfolk. VA: Code 403, Norfolk.
VA: Code 405, Norfolk. VA: Library. Norfolk. VA

NAVFACENGCOM - NORTH DIV. CO. Philadelphia, PA: Code 04, Philadelphia, PA: Code 04AL,
Philadelphia, PA; Code 09P, Philadeclphia. PA: Code 11, Philadelphia, PA:; Code 408/AP, Philadelphia, PA

NAVFACENGCOM - PAC DIV. Code 09P, Pearl Harbor, HI: Code 2011. Pearl Harbor, HI; Code 402,
RDT&E, Pearl Harbor, HI; Library. Pearl Harbor. HI

NAVFACENGCOM - SOUTH DIV. Code 1112, Charleston, SC; Code 406, Charleston, SC; Library,
Charleston, SC

NAVFACENGCOM - WEST DIV. 09P/20, San Bruno. CA; Code 04B, San Bruno, CA: Library (Code 04A2.2),
San Bruno, CA; RDT&E LnO. San Bruno. CA

NAVFACENGCOM CONTRACTS DOICC, Diego Garcia; OICC. Guam: OICC/ROICC, Norfolk, VA; ROICC
(Code 495), Portsmouth. VA: ROICC, Corpus Christi. TX: ROICC. Crane. IN: ROICC, Keflavik, Iceland:
ROICC, Point Mugu, CA; ROICC/OICC, SPA. Norfolk, VA; SW Pac. OICC. Manila, RP; Trident, OICC,
St Marys, GA

NAVHOSP SCE (Knapowski). Great Lakes. IL

NAVMAG SCE. Subic Bay. RP

NAVOCEANO Code 6200 (M Paige). Bay St. Louis, MS; Library Bay St. Louis, MS

NAVOCEANSYSCEN Code 5204 (J. Stachiw). San Diego, CA: Code 90 (Talkington). San Diego, CA: Code
944 (H.C. Wheeler). San Diego, CA: Code 964 (Tech Library). San Diego, CA; Code 9642B (Bayside
Library). San Diego. CA: DET, R Yumori, Kailua, HI; DET, Tech Lib, Kailua, HI

NAVPETOFF Code 8D107, Alexandria, VA

NAVPGSCOL C. Morers, Monterey, CA: Code 1424, Library, Monterey, CA: Code 68 (C.S. Wu), Monterey.
CA; E. Thornton, Monterey. CA

NAVPHIBASE SCE. San Diego, CA

NAVSEASYSCOM Code 035, Washington DC: Code 05R12. Washington. DC; Code 06H4, Washington, DC;
Code C132, Washington, DC; Code CEL-TD23, Washington, DC; Code PMS-396.3211 (J. Rekas)
Washington, DC

NAVSHIPREPFAC Library, Guam; SCE, Subic Bay, RP

NAVSHIPYD Carr Inlet Acoustic Range. Bremerton. WA: Code 202.4. Long Beach. CA: Code 202.5
(Library), Bremerton, WA; Code 280, Mare Is., Vallejo, CA; Code 280.28 (Goodwin), Vaticjo, CA; Code
380, Portsmouth, VA; Code 410, Mare Is., Vallejo CA: Code 440, Bremerton, WA; Code 440, Bremerton,
WA Library, Portsmouth, NH; PWO, Mare Island. Vallejo. CA

NAVSTA A. Sugihara, Pcarl Harbor, HI; CO, Long Beach, CA; CO, Roosevelt Roads, PR; Dir, Engr Div,
PWD (Code 18200), Mayport, FL; SCE, Guam. Marianas Islands; SCE. Subic Bay, RP

NAVSUPPFAC Dir, Maint Contro! Div. PWD, Thurmont, MD

NAVSURFWPNCEN Code E211 (C. Rouse), Dahlgren, VA; DET, PWO, White Oak, Silver Spring, MD: G-52
(Duncan) Dahlgren, VA

NAVWARCOL Fac Coord (Code 24). Newport, Rl

NAVWPNSTA PWO. Charleston, SC: Supr Gen Engr. PWD. Seal Beach, CA

NAVWPNSUPPCEN Code 09. Crane, IN

NETC PWO, Newport, RI

COMEODGRU OIC, Norfolk VA

NOAA Joseph Vadus, Rockville. MD: Library. Rockville, MD

NOAA DATA BUOY OFFICE Ch. Engrg Div. Bay St. Louis. MS

NORDA CO, Bay St. Louis, MS: Code 350. Bay St. Louis, MS; Code 410, Bay St. Louis, MS; Head. Geotech
Br (Code 363), Bay St. Louis, MS; Ocean Rsch Off (Code 440). Bay St. Louis, MS

NRL Code 5800 Washington, DC:; Ocean Tech Div (O. Griffith), Washington, DC

NSC Code 54.1. Norfolk, VA

NUSC DET Code 3322 (Brown), New London, CT; Code 3322 (Varley) New London, CT; Code EAI123 (R.S.
Munn), New London, CT: Code TAI31 (G. De la Cruz). New London CT




OFFICE SECRETARY OF DEFENSE ASD (MRA&L) Code CSS/CC Washington, DC

CNR DET, Coded48l, Bay St. Louis, MS; DET. Dir. Boston. MA:; DET. OIC. Pasadena, CA

OCNR Code 421 (Code E.A. Silva). Arlington, VA; Code 700F. Arlington, VA

PERRY OCEAN ENG R. Pellen, Riviera Beach, FL

PHIBCB 1, CO. San Diego, CA; 1. P&E. San Diego. CA: 2, Co. Norfolk, VA

PMTC Code 4253-3, Point Mugu, CA; Code 5041, Point Mugu, CA: Code 5054-S, Point Mugu, CA

PWC Code 10, Oakland, CA: Code 101 (Library). Oakland. CA: Code 102, Maint Plan & Inspec. Oakland, CA;
Code 123-C, San Diego, CA; Code 200, Guam, Mariana Islands; Code 400. Pcarl Harbor, HI; Code 400,
San Diego, CA: Code 420, Great Lakes, IL; Code 425 (L.N. Kaya, P.E.), Pearl Harbor, HI; Code 505A,
Oakland, CA; Code 590, San Diego, CA; Code 614, San Diego, CA: Dir Maint Dept (Code 500), Great
Lakes, IL; Library (Code 134). Pearl Harbor, HI; Library, Guam. Mariana Islands: Library, Norfolk, VA:
Library, Pensacola, FL: Library, Yokosuka JA: Tech Library. Subic Bay, RP

SEAL TEAM 6, Norfolk, VA

SUPSHIP Tech Library, Newport News, VA

HAYNES & ASSOC H. Haynes, P.E., Oakland, CA

UCT ONE CO, Norfolk, VA

UCT TWO CO, Port Hueneme, CA

U.S. MERCHANT MARINE ACADEMY Reprint Custodian, Kings Point, NY

US NATIONAL MARINE FISHERIES SERVICE Sandy Hook Lab. Lib, Highlands, NY

USCG Code G-EOE-4, Washington, DC; G-EOE-2/61, Washington, DC; Hqtrs Library, Washington, DC; Pac
Strike Team, Hamilton AFB., CA

USCG R&D CENTER CO, Groton, CT; D. Paskausky, Groton. CT; Library, Groton, CT; Ocean Sys Br,
Groton, CT

USCINC PAC, Code J44, Camp HM Smith, HI

USDA Forest Serv, Reg 8, Atlanta, GA

USNA Chairman, Mech Engrg Dept. Annapolis, MD; Mech Engrg Dept (Hasson). Annapolis, MD; Megr,
Engrg. Civil Specs Br, Annapolis, MD

ADVANCED TECHNOLOGY Ops Cen Mgr (Moss), Camarillo, CA

BERKELEY PW Engr Div (Harrison), Berkeley, CA

CALIF. DEPT OF NAVIGATION & OCEAN DEV. G Armstrong. Sacramento. CA

CALIF. MARITIME ACADEMY Library, Vallejo, CA

CALIFORNIA INSTITUTE OF TECHNOLOGY Environ Engrg Lib, Pasadena, CA

CALIFORNIA STATE UNIVERSITY C.V. Chelapati, Long Beach, CA: Dr. Y.C. Kim, Los Angeles, CA:
Yen, Long Beach, CA

CLARKSON COLL OF TECH G. Batson. Potsdam, NY

COLORADO SCHOOL OF MINES Dept of Engrg (Chung), Golden, CO

COLORADO STATE UNIVERSITY CE Dept (Nelson). Ft Collins, CO; CE Dept (W Charlie), Fort COllins,
MD

CORNELL UNIVERSITY Civil & Environ Engrg (F. Kulhway), Ithaca. NY: Library, Ser Dept, Ithaca, NY

DAMES & MOORE LIBRARY Los Angeles. CA

DUKE UNIV MEDICAL CENTER CE Dept (Muga), Durham, NC

UNIVERSITY OF DELAWARE Dexter, Lewes, DE

FLORIDA ATLANTIC UNIVERSITY Ocean Engrg Dept (McAllister). Boca Raton, FL; W Hartt, Boca
Raton, FL

GEORGIA INSTITUTE OF TECHNOLOGY CE Scol (Kahn), Atlanta, GA; Mazanti, Atlanta, GA

INSTITUTE OF MARINE SCIENCES Dir. Morehead City. NC; Library, Port Aransas, TX

IOWA STATE UNIVERSITY CE Dept, (Handy), Ames, 1A

WOODS HOLE OCEANOGRAPHIC INST. Proj Engr, Woods Hole, MA

JOHNS HOPKINS UNIV CE Dept (Jones), Baltimore, MD

LEHIGH UNIVERSITY Fritz Engrg Lab, (Beedle), Bethlehem, PA; Linderman Libr, Ser Cataloguer,
Bethlehem, PA

MAINE MARITIME ACADEMY Lib, Castine, ME

MICHIGAN TECHNOLOGICAL UNIVERSITY CE Dept (Haas), Houghton, MI

MIT Engrg Lib, Cambridge, MA; Lib, Tech Reports, Cambridge, MA: Ocean Engr Dept, Cambridge, MA; RV
Whitman, Cambridge, MA

CREGON STATE UNIVERSITY CE Dept (Bell), Corvallis, OR; CE Dept (Grace). Corvallis, OR;
Oceanography Scol, Corvallis, OR

PENNSYLVANIA STATE UNIVERSITY Applied Rsch Lab, State College, PA; Snyder, State College, PA

PORT SAN DIEGO Proj Engr, Port Fac, San Diego. CA

PORTLAND STATE UNIVERSITY H Migliore, Portland, OR

PURDUE UNIVERSITY AG Alischaeffl, Lafayette, IN; Engrg Lib, Lafayette, IN; GA Leonards. Lafayette,
IN

SAN DIEGO STATE UNIV. Dr. Krishnamoorthy, San Dicgo CA; 1. Noorany, San Diego, CA

SCRIPPS INSTITUTE OF OCEANOGRAPHY Deep Sea Drill Proj (Adams), La Jolla, CA

SEATTLE UNIVERSITY Schwaegler, Seattle, WA

SOUTHWEST RSCH INST King, San Antonio. TX; R. DcHart. San Antonio TX; San Antonio. TX



STATE UNIV OF NEW YORK CE Dept. Buffalo, NY

TEXAS A&M UNIVERSITY J.M. Niedzwecki, College Station. TX: Ocean Engr Proj. Coliege Station, TX;
W.B. Ledbetter, College Station, TX

UNIVERSITY OF ALASKA Doc Collections Fairbanks, AK

UNIVERSITY OF CALIFORNIA A-031 (Storms) La Jolla, CA: CE Dept (Gerwick), Berkeley. CA; CE Dept
(Taylor), Davis, CA: Naval Arch Dept. Berkeley. CA: Prof E.A. Pearson. Berkeley. CA

UNIVERSITY OF FLORIDA Florida Sca Grant (C. Jones). Gainesville, FL.

UNIVERSITY OF HAWAII Library (Sci & Tech Div), Honolulu, HI: Ocean Engrg Dept, Honolulu, HI

UNIVERSITY OF ILLINOIS Arch Scol (Kim), Champaign, IL; Civil Engrg Dept (Hall). Urbana, IL: Library,
Urbana, IL; M.T. Davisson, Urbana, IL: Metz Ref Rm, Urbana, IL

UNIVERSITY
UNIVERSITY
UNIVERSITY
UNIVERSITY
UNIVERSITY
UNIVERSITY
UNIVERSITY
UNIVERSITY
UNIVERSITY

OF
OF
OF
OF
OF
OF
OF
OF
OF

MASSACHUSETTS ME Dept (Heroneumus), Amherst, MA

MICHIGAN Dr. Richart, Ann Arbor. MI

NEW HAMPSHIRE Corell, Durham. NW; P. LaVoie. Durham. NH

NEW MEXICO NMERI (Falk). Albuquerque. NM

NOTRE DAME Katona, Notre Dame, IN

PENNSYLVANIA Schl of Engrg & Applied Sci (Roll), Philadelphia, PA

RHODE ISLAND Pell Marine Sci Lib, Narragansctt, RI: Wm. D. Kovacs, Kingston. RI
SO. CALIFORNIA Hancock Library, Los Angeles. CA

WASHINGTON App Physics Lab, Scattle, WA: CE Dept, Seattle, WA: Dept of Civil Engr

(Dr. Mattock), Seattle WA Library, Seattle, WA
WOODS HOLE OCEANOGRAPHIC INST. Doc Lib, Woods Hole, MA
ALFRED A. YEE & ASSOC. Librarian. Honolulu, HI
AMERICAN CONCRETE INSTITUTE Library, Detroit, MI
AMETEK Offshore Rsch & Engrg Div, Santa Barbara. CA
APPLIED SYSTEMS R. Smith. Agana, Guam
ARCAIR CO. D. Young. Lancaster. OH
ARVID GRANT Olympia. WA
ATLANTIC RICHFIELD CO. R.E. Smith, Dallas, TX: Sr Staff CE. Dallas, TX
AUSTRALIA Embassy, Transp. Washington, DC
BATTELLE-COLUMBUS LABS D Frink., Columbus. OH: D Hackman, Columbus. OH
BETHLEHEM STEEL CO. Engrg Dept (Dismuke). Bethlehem. PA
BRITISH EMBASSY Sci & Tech Dept (Wilkins), Washington, DC
BROWN & ROOT Ward, Houston, TX
CANADA Viateur De Champlain, D.S.A., Matanc, Canada
CHEVRON OIL FIELD RESEARCH CO. Brooks, La Habra, CA
COLUMBIA GULF TRANSMISSION CO. Engrg Lib, Houston, TX
CONSTRUCTION TECH LAB A.E. Fiorato, Skokie. IL
CONTINENTAL OIL CO O. Maxson, Ponca City, OK
CROWLEY MARITIME SALVAGE INC. (B Frost), Willaimsburg, VA
DILLINGHAM PRECAST F McHale, Honolulu, HI
DRAVO CORP Wright, Pittsburg, PA
DURLACH, O'NEAL, JENKINS & ASSOC. Columbia. SC
EASTPORT INTERNATIONAL INC. Mgr (JH Osborn), Ventura, CA
EG&G WASH ANALYTICAL SERV CTR, INC Rockville, MD
EVALUATION ASSOC. INC MA Fedele, King of Prussia, PA
EXXON PRODUCTION RESEARCH CO Chao, Houston, TX
FURGO INC. Library, Houston, TX
GIANNOTTI ASSOC Annapolis, MD
GOULD INC. Ches Instru Div, Tech Lib, Gen Burnie, MD
HALEY & ALDRICH, INC. HP Aldrich. Jr, Cambridge, MA
LIN OFFSHORE ENGRG P. Chow, San Francisco CA
LINDA HALL LIBRARY Doc Dept, Kansas City, MO
MARATHON OIL CO Houston TX
MOBIL R & D CORP Offshore Eng Library, Dallas, TX
MOFFATT & NICHOL ENGINEERS R Palmer. Long Beach, CA
EDWARD K. NODA & ASSOC Honolulu, HI
OCEAN ELECTRONIC APP, INC Softley. Key Biscayne, FL
PACIFIC MARINE TECHNOLOGY (M. Wagner) Duvall, WA
PHELPS ASSOC P.A. Phelps. Rheem Valley, CA
R J BROWN ASSOC R Perera, Houston, TX
SANDIA LABORATORIES Library Div., Livermore CA; Secabed Progress Div 4536 (D. Talbert) Albuquerque

NM

SCHUPACK SUAREZ ENGRS INC M. Schupack. South Norwalk, CT
SEATECH CORP Peroni, Miami, FL

SHANNON & WILLSON INC. Librarian Seattle. WA

SHELL DEVELOPMENT CO. Sellars, Houston, TX




SHELL OFFSHORE INC E Doyle, Houston, TX

SHELL OIL CO. E&P Civil Engrg, Houston, TX

SIMPSON GUMPERTZ & HEGER INC Consulting Engrs (E. Hill). Arlington, MA
TIDEWATER CONSTR CO J Fowler, Virginia Beach, VA

TRW SYSTEMS Dai, San Bernardino, CA; Engr Library, Cleveland, OH
WESTINGHOUSE ELECTRIC CORP. Oceanic Div Lib, Annapolis, MD
WESTINSTRUCORP Egerton, Ventura, CA

WM CLAPP LABS - BATTELLE Library, Duxbury, MA

WM WOOD & ASSOC. D Wood, Metairie, LA

WOODWARD-CLYDE CONSULTANTS R Cross, Walnut Creek, CA; W Reg. Lib, Walnut Creek, CA
BARTZ, J Santa Barbara, CA

BRADFORD ROOFING T. Ryan, Billings, MT

BULLOCK, TE La Canada

F. HEUZE Alamo, CA

F.W. MC COY Woods Hole, MA

BEN C. GERWICK, INC San Francisco, CA

HAYNES, B. Round Rock, TX

LAYTON, JA Redmond, WA

MARINE RESOURCES DEV FOUNDATION N.T. Monney. Annapolis, MD
PAULI Silver Spring, MD

PETERSEN, CAPT N.W. Camarillo, CA

R.F. BESIER CE, Old Saybrook, CT

TEDESKO, A Bronsxville, NY



INSTRUCTIONS

The Naval Civil Engineering Laboratory has revised its primary distribution lists. The bottom of
the mailing label has several numbers listed. These numbers correspond to numbers assigned to the list of
Subject Categories. Numbers on the label corresponding to those on the list indicate the subject category and
type of documents you are presently receiving. If you are satisfied, throw this card away (or file it for later

reference).
If you want to change what you are presently receiving:

® Delete — mark off number on bottom of label.

® Add — circle number on list.

® Remove my name from all your lists — check box on list.

® Change my address — line out incorrect line and write in correction (ATTACH MAILING LABEL).
® Number of copies should be entered after the title of the subject categories you select.

Fold on line below and drop in the mail.

Note: Numbers on label but not listed on questionnaire are for NCEL use only, please ignore them.

Fold on line and staple.
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DISTRIBUTION QUESTIONNAIRE

The Naval Civil Engineering Laboratory is revising its primary distribution lists.

SUBJECT CATEGORIES

SHORE FACILITIES

Construction methods and materials {including corrosion
control, coatings)

Waterfront structures (maintenance/deterioration control}

Utilities {inctuding power conditioning)

Explosives safety

Construction equipment and machinery

Fire prevention and control

Antenna technology

Structural analysis and design {including numerical and
computer techniques)

10 Protective construction {including hardened shelters,

shock and vibration studies)

11 Soil/rock mechanics

13 BEQ

14 Airfields and pavements

15 ADVANCED BASE AND AMPHIBIOUS FACILITIES

16 Base facilities (including shelters, power generation, water supplies}

17 Expedient roads/airfields/bridges

18 Amphibious operations {including breakwaters, wave forces)

19 Over-the-Beach operations (including containerization,

materiel transfer, lighterage and cranes)

20 POL storage, transfer and distribution

24 POLAR ENGINEERING

24 Same as Advanced Base and Amphibious Facilities,

except limited to cold-region environments

[N

WO~NOOLHW

TYPES OF DOCUMENTS
85 Techdata Sheets 86 Technical Reports and Technical Notes
83 Table of Contents & Index to TDS

28 ENERGY/POWER GENERATION

29 Thermal conservation (thermal engineering of buildings, HVAC
systems, energy |oss measurement, power generation)

30 Controls and electrical conservation (electrical systems,
energy monitoring and control systems)

31 Fuel fiexibility (liquid fueis, coal utilization, energy
from solid waste)

32 Alternate energy source (geothermal power, photovoltaic
power systems, solar systems, wind systems, energy storage
systems)

33 Site data and systems integration (energy resource data, energy
consumption data, integrating energy systems)

34 ENVIRONMENTAL PROTECTION

35 Solid waste management

36 Hazardous/toxic materials management

37 Wastewater management and sanitary engineering

38 Qil pollution removal and recovery

39 Air pollution

40 Noise abatement

44 OCEAN ENGINEERING

45 Seafloor soils and foundations

46 Seafloor construction systems and operations {including
diver and manipulator tools}

47 Undersea structures and materials

48 Anchors and moorings

49 Undersea power systems, electromechanical cables,
and connectors

50 Pressure vessel facilities

51 Physical environment {including site surveying)

52 Ocean-based concrete structures

53 Hyperbaric chambers

54 Undersea cable dynamics

82 NCEL Guide & Updates
91 Physical Security

0O None—
remove my name



PLEASE HELP US PUT THE ZIP IN YOUR
MAIL! ADD YOUR FOUR NEW ZIP DIGITS
TO YOUR LABEL (OR FACSIMILE),
STAPLE INSIDE THIS SELF-MAILER, AND
RETURN TO US.

(fold here)
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